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ABSTRACT OF DISSERTATION

AN EVALUATION OF POSTURAL CONTROL AND BALANCE AFTER
ANTERIOR CRUCIATE LIGAMENT RECONSTRUCTION
Over 100,000 anterior cruciate ligament reconstructions (ACLR) occur annually
in the United States, with one in four individuals sustaining a second injury within the
first two years after reconstruction. Due to the proprioceptive nature of the anterior
cruciate ligament, the lack of regaining postural control and balance are likely large
contributors to the rate of secondary injuries after ACLR. Recent literature has identified
cerebral changes after anterior cruciate ligament injury and surgery, likely due to altered
sensation and feedback loops. However, no study thus far has investigated the
neurological feedback loops that may place this group at higher risk of injury than their
healthy peers.
The purpose of this dissertation was to investigate neuromotor feedback loops,
including knee extensor submaximal steadiness, time to stabilization, long latency
response, and center of pressure stability. Both limbs of the ACLR cohort were compared
to a cohort of healthy control subjects.
Participants: Fifty individuals who were six-months after a primary anterior
cruciate ligament reconstruction were recruited for testing. All subjects had surgery by
one of three surgeons at the University of Kentucky, and received rehabilitation
following their surgery. The healthy control cohort was recruited as a sample of
convenience, with an attempt to match the injured cohort in age, height, mass, and
activity level. Healthy subjects had no history of a previous lower extremity surgery and
had no history of an injury that resulted in gait abnormalities. All data were collected
between December of 2018 and January of 2020.
Methods: Subjects attended the University of Kentucky Biomotion Laboratory
their sixth month after an ACL reconstruction. Isometric Biodex strength testing was
performed at a maximal and submaximal level, with the knee placed in 90 degrees of
flexion. Eight electromyography sensors were placed prior to the motion capture data
collection. Subjects performed three successful maximum forward and backward hops
with a 5-second hold. Subjects then underwent a push-and-release test in the backward
direction, where subjects had to regain their balance in five of the ten trials.

Main Outcome Measures: Knee extensor rate of torque development, knee
extensor coefficient of variance, time to stabilization, long latency response, and center of
pressure jerk.
Statistical Analysis: A one-way ANOVA compared the ACLR limbs and the left
limb of the healthy cohort. Bonferroni post hoc testing identified differences between
legs. Pearson correlation coefficients assessed how each element of postural stability
related to the control of landing a hop, measured through the center of pressure jerk.
Results: Subjects after ACLR displayed decreased control of muscular stability as
well as decreased dynamic control as compared to healthy controls, with greatest
impairments found in the involved limb. Neuromuscular feedback loops and postural
control have not normalized 6-months after ACLR.
Conclusion: While postural control improved following ACLR, it has not
normalized 6-months after ACLR. Rehabilitation techniques should focus not only on
motion and strength impairments, but also facilitating normalized dynamic postural
control.
KEYWORDS: anterior cruciate ligament reconstruction, biomechanics, steadiness,
dynamic stability, postural control, long latency response
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CHAPTER 1:
Introduction
Part I: The Identification of Variables to Evaluate the Impact of Anterior Cruciate
Ligament Reconstruction on Postural Control and Balance
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Introduction
Part I: The Identification of Variables to Evaluate the Impact of Anterior Cruciate
Ligament Reconstruction on Postural Control and Balance
Background
In the United States, approximately 200,000 anterior cruciate ligament (ACL)
injuries occur annually, with half of those individuals choosing to undergo ACL
reconstruction (ACLR) surgery3, 4. Most individuals who have surgery are young and
active102, 133, with high risks of long-term ailments, including early-onset osteoarthritis
and another ACL tear15, 133. Often the young, active individuals who have surgery plan to
return to their previous level of physical activity3, 4. However, only 1 in 3 individuals
return to the same level of sport within two years5, and 1 in 4 have a second ACL injury
within the first three years after reconstruction5, 155.
While the goals of surgery and rehabilitation following ACLR focus on regaining
stability of the knee, returning individuals back to full pre-injury activities, and
decreasing the risk of reinjury, there continues to be a gap in achieving these outcomes
156

. For years, rehabilitation protocols have prioritized protecting the grafted ACL with

time being the primary determinant to return people to activity 29, 143. However, while
healing of the graft is important, current testing poorly predicts who will return to activity
and who will sustain a future injury 143, 156. More recently, researchers have suggested
that the neurological system may be a greater contributor to both the original injury and
post-operative success than previously suspected12, 44, 45. At this time, most rehabilitation
guidelines have not integrated neuromuscular testing throughout rehabilitation, but
adding neuromuscular testing may aid in the recovery post-ACLR 143.
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Neurological assessments have identified impairments of the brain before and
after ACLR 30, 45, 99. Diekfuss et al. found that individuals who sustained an ACL injury
had decreased connectivity between the cortical sensory-motor and cerebellar regions
prior to the injury, showing poor central nervous system motor coordination and
proprioception 30. After ACLR, this was compounded by increased ipsilateral frontal
cortex and secondary somatosensory activity, increased contralateral motor cortex and
lingual gyrus, and decreased ipsilateral motor cortex and cerebellar regions 45, 99.
Researchers suggest these impairments likely contribute to impaired movement and
control 99. However, the specific quantification of anticipatory and reactive movements
continues to be a missing element of improving rehabilitation outcomes following ACLR
4

. Identifying anticipatory and reactive control tests that can be utilized early in

rehabilitation may improve the long-term success of individuals post ACLR.
Researchers have investigated how neurological impairments influence
movements after ACLR as compared to their healthy counterparts using
electroencephalogram (EEG), transcranial magnetic stimulation (TMS), and functional
magnetic resonance imaging (fMRI) 99. Individuals performing a force reproduction test
at 50% maximum voluntary isometric contraction (MVIC) of knee extensor torque
required greater attention (EEG frontal theta power) a year or more after ACLR than
healthy controls 7. At 5% MVIC, higher corticospinal excitability (TMS active motor
threshold) and lower voluntary activation were found 69, 78, 116, 117. Individuals post ACLR
used greater attention (EEG frontal theta power) and decreased sensory processing (EEG
parietal somatosensory cortex alpha-2) when reproducing a knee angle at 40 degrees of
flexion 8. During controlled flexion/extension active cycles, activity in the ipsilateral
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motor cortex and in the cerebellum were decreased while activity in the contralateral
motor cortex, in the lingual gyrus, and in the ipsilateral secondary somatosensory regions
were increased (fMRI) 45. Given these findings, additional neuromuscular tests assessing
movement patterns in individuals with known neuropathological conditions may inform
the safe rehabilitation progression of individuals after ACLR.
The biomechanical evaluation of anticipatory and reactive control holds promise
for further elucidating the connections between neurological and biomechanical ailments
after ACLR 4. Anticipatory and reactive control measures can be local, such as torque
steadiness of the knee extensors 18, 136. Reactive control can also be measured using
electromyographical (EMG) calculations of the long latency response 134. Time to
stabilization and jerk are two ways to assess reactive control and balance during a
dynamic task such as a hop 125, 148. All of these evaluations of anticipatory and reactive
control can be performed safely the first year after ACLR and are required elements of
controlling dynamic posture and balance.
A recent consensus statement of experts studying ACLR identified the lack of
anticipatory and reactive control testing in rehabilitation as one of the greatest limitations
in ACLR recovery at this time 4. While anticipatory and reactive control has been
evaluated during jumping and cutting tests as an athlete returns to sports 75, 88, 127, 151, the
inability to test unanticipated and anticipatory postural control early in rehabilitation
restricts the ability to promote the normalization of movements sooner. Early
identification could aid in the allocation of resources and training to reinforce normal
movements 36. Early identification of anticipatory and reactive impairments may facilitate
decreasing the risk of future injury in this vulnerable population4.
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Neurophysiological Pathologies and Postural Control After Anterior Cruciate
Ligament Reconstruction
It has been postulated that the neurophysiological pathology of an anterior
cruciate ligament reconstruction (ACLR) begins prior to the injury 30 and extends at least
five years post-operatively 59. Researchers have identified risk factors for the primary
ACL injury, and training techniques have been shown to decrease the risk of injury in
certain populations 54, 137. However, when those risk factors are compounded by an ACL
injury and reconstructive surgery, there is limited guidance on progression back to
activity and prevention of future injury. Therefore, rehabilitation techniques and tests
need to be improved to determine how best to progress an athlete back to full activity 3, 4.
Sporting type, exposure rate, gender, biomechanics during cutting and jumping 43
and, in a preliminary study, cortical sensory-motor and cerebellar connectivity 12 are
factors that have been shown to identify individuals at increased risk of sustaining an
ACL injury. For example, young female athletes involved in cutting and pivoting sports
experience the highest rate of ACLR 93. This is thought to be due to neurological changes
that occur during maturation 55, 121. After an ACLR, these risk factors must be considered
as continued elements predisposing individuals to another ACL injury 110.
After the ACL injury, somatosensory feedback, motor thresholds, and cortical
excitability are altered, resulting in neurological impairments 52, 99. As a result, knee
proprioception and balance are functionally impaired 122. During walking, jogging, and
landing a jump, there are changes throughout the brain in EEG power spectra in the delta,
alpha, and beta bands, showing increased focus and concentration are required due to a
lack of sensory input 90. It seems neurocognitive changes can be improved through a
rehabilitation protocol that stresses the neurophysiological system 60, 108. For the many
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individuals who require ACL surgery to stabilize the knee, post-operative treatments
must also identify and treat these pre-operative impairments.
Surgical reconstruction of the ACL leads to multiple impaired systems, including
the sensory-motor 7, 8, 45, cerebellar 45, and lower-neural circuit systems (Figure 1). These
impairments have been linked to poor proprioception and inaccuracy in force production
7, 8

, as well as altered corticospinal activity affecting quadriceps activation 78, 116, 117.

Furthermore, simple knee flexion and extension control has been shown to elicit an
increased visual-motor strategy for control instead of utilizing the sensory-motor system
for control 45. This could be related to an altered H-reflex 48, 56 and changes in the sensory
system 22 after surgery that should improve with rehabilitation techniques 87, 138.
However, with a lack of consistent testing over the course of rehabilitation, it is unknown
how the neurophysiological system adapts, and what interventions should be
implemented to facilitate dynamic control.
A critical element of neurophysiological testing after ACLR is postural control.
Measuring postural control quantifies the impact neurological changes have on the
movement of individuals after ACLR 59, 77. Elements of postural control include
anticipatory and reactive control at the quadriceps and hamstring muscles and lower
extremity to promote balance and stability 45, 59. Anticipatory and reactive control during
tasks after ACLR requires increased focus, with a reliance more on the visual-motor
system than the sensory-motor system, potentially identified during functional testing
(Figure 1). By identifying biomechanical tests that can be utilized throughout
rehabilitation and connecting them to postural control and second injury rates, clinical
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researchers can start to address the need for promoting normal neurophysiological
anticipatory and reactive movements throughout rehabilitation.
Overall Outcomes
In a systematic review and meta-analysis by Lehmann et al. 77, single-leg postural
sway during eyes open static stance was increased (more impaired) after ACLR in both
magnitude and velocity on the involved side compared to healthy controls, with side-toside differences in magnitude but not velocity. The uninvolved side was no different than
the healthy controls in the meta-analysis. This supports findings of Howells et al. 59,
whose systematic review included eyes open, eyes closed, and dynamic assessments of
balance. These impairments are likely due to a decrease in afferent feedback coupled with
poor sensorimotor elements of control 99, which should improve with increased
neuromotor training during rehabilitation 45. Both systematic reviews noted a lack of
consistent measurements of postural control used during dynamic tasks. The evaluation
of dynamic postural control is important, as biomechanical analyses of dynamic tasks
have found kinetic and kinematic factors associated with an increased risk of injury59, 77.
A study by Paterno et al.113 found single-leg postural control and jumping
biomechanics predicted future risk of injury with high sensitivity and specificity. Static
sway, performed with eyes open on a platform, was increased (more impaired) in the
ACLR cohort who sustained a second ACL injury. Additionally, the transverse plane hip
moment impulse, frontal plane knee motion, and sagittal plane knee moment asymmetry
during the first landing of the drop vertical jump strongly predicted a second ACL injury.
Directly linking postural control to strength and muscle activity could greatly improve the
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understanding of the contributions that strength, muscle activity, and dynamic control
have on impaired postural control and balance after ACLR.
The outcomes used in the current study are all biomechanical evaluations of
anticipatory and reactive dynamic control. They include submaximal force steadiness,
time to stabilization, jerk, and the long latency response. Submaximal force steadiness
was measured on a Biodex, with 5 maximal voluntary isometric contraction (MVIC)
trials 136 followed by submaximal control 18 assessed at 20% of the MVIC [See Aim 1].
Time to stabilization and jerk are both measurements of subjects landing a forward and a
backward hop 125, 148 onto a force plate and standing steady for 5 seconds [See Aims
2&4]. Long latency response was calculated using the push-and-release test, where
subjects are passively leaned backward 10 degrees 134 and the time from release to the
long latency response is recorded [See Aim 3]. Finally, a comparison of how each of the
variables in Aims 1-3 relate to center of pressure jerk in subjects 6-months post ACLR
was evaluated [See Aim 4].
The Problem
Despite being cleared to return to sport, many individuals do not reach their preACL level of success 150, and 1 in 4 sustain a second ACL injury within two years of
ACLR 156. It has been speculated that the reason for the high rate of a second injury is
due to poor anticipatory and reactive control during dynamic tasks4, 156, as most ACL
injuries occur during jumping, cutting, and pivoting sports 93. Unanticipated cutting and
jumping tasks have been used to evaluate readiness to return to sport, but quantifying
such measures in a safe environment, early in rehabilitation, has been identified as a
major limitation in rehabilitation and return-to-sport protocols 4.
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Purpose
The primary purpose of this dissertation is to identify and quantify anticipatory
and reactive feedback loops and their influence on postural control and balance after
ACLR. Feedback loops include the control of knee extensor torque during maximal and
submaximal force testing, center of pressure stabilization during hopping, and muscle
activation after a perturbation. These were all investigated independently and then were
evaluated for their influence on individuals’ balance upon landing a hop after ACLR.
To address the purpose of this dissertation, the following aims were implemented:
1. Assess the differences in knee extension control during maximal and submaximal
open kinetic chain quadriceps force steadiness between individuals with an ACL
reconstruction and healthy control subjects.
2. Quantify the differences in dynamic stability using time to stabilization during a
forward and backward hop in individuals after an ACL reconstruction compared
to healthy control subjects.
3. Evaluate the differences in the long latency responses of the vastus lateralis and
biceps femoris during an unanticipated perturbation in individuals after an ACL
reconstruction compared to healthy control subjects.
4. Determine how force steadiness, time to stabilization, and the long latency
response contribute to center of pressure stability during a single-leg hop after an
ACL reconstruction, to progress the field in identifying postural control deficits
after ACL reconstruction.
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Overview
This dissertation is organized into six chapters. Chapter 1 provides the foundation
for the investigation and a systematic review. The next four chapters (Chapters 2-5)
examine each of the four distinct aims. Chapter 6 provides a summary of the findings as
well as future directions of the studies. Each aim is written in a manuscript format for
publication in a peer-reviewed journal. All data was collected and analyzed over a period
of three years (2017-2020) at the University of Kentucky Biomotion Laboratory.
Aims 1 to 4 employed a case control design comparing ACLR and healthy
cohorts while Aim 4 used a controlled-laboratory design investigating postural stability
and balance after ACL reconstruction. For each aim, assessments were performed in the
6th month after ACL reconstruction, when individuals after ACL reconstruction are
typically safe to hop. The healthy control cohort was matched to the ACL cohort based
on age, sex, height, mass, and activity level. The two cohorts were compared prior to
statistical analyses and any differences in age, height, mass, or activity level were
accounted for in the final analyses.
In Aim 1, knee extension rate of torque development and force steadiness in
individuals after ACL reconstruction were investigated, comparing the involved and
uninvolved limbs with healthy controls during a maximal and submaximal task (Chapter
2). This goal was to evaluate the coordination of muscle spindle Ia and IIa afferent
neurons with subcortical control and alpha-motor neuron response during five repeated 5second trials.
Aim 2 examined center of pressure control following a single-leg hop in both the
forward and backward direction (Chapter 3). Three forward and backward maximaldistance hops were performed on each leg, with subjects landing and stabilizing on a
10

single limb. Limb differences were calculated, and ACLR limbs were compared with a
healthy control limb.
Aim 3 evaluated the long latency response of the quadriceps and hamstrings
during the push-and-release test, performed in a backward direction, comparing the
ACLR limbs and a healthy limb (Chapter 4).
Aim 4 sought to determine the relationship between submaximal stability, time to
stabilization, and the long latency response to postural stability, measured in jerk, upon
landing a hop within the ACLR cohort (Chapter 5).
Chapter 6 highlights the outcomes for each of the aims and discusses the
limitations of the findings and future directions for additional studies related to the
dissertation.
Operational Definitions
Throughout this dissertation, the following terminology will be used:
1. Anterior Cruciate Ligament Reconstruction (ACLR): The surgical replacement of
the anterior cruciate ligament with an allograft or autograft stabilizing anterior
translation and internal rotation of the tibia on the fibula.
2. Anticipatory Control: The regulation of a system to direct an outcome using a
feed-forward response to an event that is expected.
3. Balance: Maintaining an upright and steady position that does not fall or move
from the intended location.
4. Dynamic Control: The ability to maintain balance and stability during and
immediately stopping a moving task.
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5. Neuroplasticity: The ability of the brain to reorganize synaptic connections in
response to experiences following an injury or surgery.
6. Postural Control: The act of maintaining, achieving, or restoring a state of balance
throughout an activity or task 118.
7. Reactive Control: The regulation of a system to maintain stability to an
unanticipated event using a feedback response.
8. Stability: The ability to restore a position of equilibrium despite displacement.
Assumptions
The primary assumptions for this dissertation are as follows:
1. Participants were honest that they did not have any history of previous injuries or
surgeries (besides the ACLR) that could influence their movements.
2. Participants completed testing to the best of their abilities.
3. The surgical and rehabilitation techniques of the ACLR cohort were comparable
between patients.
Delimitations
The delimitations of this dissertation are as follows:
1. Participants were males and females between the ages of 12 and 60 years old at
the time of consent.
2. Participants were able to read and speak English.
3. Participants had no allergies to tape, adhesives, or silver.
4. Participants did not have any previous surgeries or injuries that would have
influenced their gait (besides the ACLR).
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5. Participants did not have any condition that could contribute to altered postural
control such as pregnancy, rheumatoid arthritis, fibromyalgia, a concussion or
other neurological condition, or chronic low back pain.
6. Participants scored at minimum of 5 on the Tegner Physical Activity Assessment,
with the ACLR cohort reporting their pre-injury status.
7. Participants in the ACLR cohort were in their 6th month after a primary, unilateral
ACLR and planned to return to sport and recreational activities post-operatively.
8. Participants in the ACLR cohort had no other ligamentous damage at the time of
their injury.
Limitations
The limitations of this dissertation are as follows:
Chapter 2
1. Measures of direct muscle activation using EMG and measurements of brain
activity were not able to be assessed as part of this study.
2. Subjects were provided practice trials to make sure they understood the test,
which could have invoked a learning effect.
3. Trials that were not identified during testing where the subject started pushing the
dynamometer before the torque recording started were excluded due to an
inability to calculate the rate of torque development.
Chapter 3
1. Participants hopped their self-identified maximal distance, which was often
shortened after a practice test due to an inability to maintain balance upon
landing.
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2. Participants were able to use their arms to counterbalance and assist in regaining
balance.
Chapter 4
1. A maximum voluntary isometric contraction was not utilized to normalize the
data.
2. Subjects were provided practice trials to make sure they understood the test,
which could have resulted in a learning effect.
3. The direction of the fall was not randomized, so all subjects knew which direction
they were going to sustain a loss of balance.
Chapter 5
1. Participants hopped their self-identified maximal distance, which was often
shortened after a practice test due to an inability to maintain balance upon
landing.
Abbreviations
ACL: Anterior Cruciate Ligament
ACLR: Anterior Cruciate Ligament Reconstruction
AP: Anterior-Posterior
BMI: Body Mass Index
CoV: Coefficient of Variance
COP: Center of Pressure
Jerk: Center of Pressure Jerk (Calculated as the Change in Acceleration Over Time)
LLR: Long Latency Response
ML: Medial-Lateral
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RTD: Rate of Torque Development
RTS: Return to Sporting Participation
RV: Resultant Vector
Tegner: Tegner Physical Activity Assessment
TTS: Time To Stabilization
LSI: Limb Symmetry Index
Steadiness: Decreased Coefficient of Variance

Copyright © Kathryn Caroline Hickey Lucas 2020

15

Figure 1 A modification of figure 16.1 in Neuroscience, 6th edition, 2018. A summary
of the muscular and neurological elements that change after ACLR, which may influence
postural control.

16

Part II: A Systematic Review of Postural Control the First Year after Anterior Cruciate
Ligament Reconstruction Compared to the Postural Control of Healthy Controls
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Abstract
Background: After an injury or surgery, motor control of balance, strength, and
biomechanics has been associated with decreased rates of returning to physical activity.
Currently, there is no review on the progression of motor control the first year after
anterior cruciate ligament reconstruction (ACLR).
Purpose: The purpose of this systematic review is to identify how motor control
impairments found within the first 12 months after ACLR differ from uninjured, healthy
controls.
Study Design: Systematic review
Methods: Boolean search terms of “ACL”, “anterior cruciate ligament”,
“rehabilitation”, “reconstruction”, “injury”, “surgery”, “motor control”, “motor learning”,
“balance”, “stability”, “proprioception”, “angle”, “moment”, “control”, “perturbation”,
“neuromuscular”, and “biomechanics” were entered into Cochrane, Medline, and
CINAHL. Inclusion criteria included studies was written in the past 10 years, studied
human subjects, had a control group, and quantified motor control the first 12 months
after ACLR.
Results: Thirty articles met the inclusion and exclusion criteria for the qualitative
analysis. Twenty-eight were included in the final quantitative analysis. Motor control
assessments including center of pressure (COP), electromyograph (EMG), and 3dimensional biomechanical measures were plotted in comparison to control subjects.
Conclusion: Effect sizes indicated motor control improves over the first year of ACLR.
However, differences in both the involved and uninvolved limbs remain for ACLR
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compared to controls, potentially contributing to the high rate of re-injury. Since the
uninvolved limb is not consistently a good comparison for the ACLR limb, a matched
control group provides a better expectation for how a subject should move after an
ACLR.
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Part II: A Systematic Review of Postural Control the First Year after Anterior Cruciate
Ligament Reconstruction Compared to the Postural Control of Healthy Controls
Introduction
In the United States, over 250,000 anterior cruciate ligament (ACL) injuries occur
each year with traditional rehabilitation protocols lasting 3 to 10 months after surgery 1, 43,
143

. While some researchers have suggested waiting two years to return to sports, most

athletes are unwilling to wait that long to return to full activity 98. Therefore, the first year
is a critical period to evaluate and maximize motor control after ACL reconstruction
(ACLR).
Systematic reviews on motor control after ACLR have assessed subjects 3 months
to 7 years after surgery 19, 40, 49. Systematic reviews have found significant differences
between the ACL reconstructed side and uninvolved side in single-leg sway 76 as well as
gait 19, 40, 64, stair navigation 19, 47, 64, cutting 19, hopping 19, 63, 80, running 19, 64, and jumping
19, 80

mechanics. However, they have not consistently compared differences found

between the limbs of the subjects recovering from ACLR to a healthy control group.
Additionally, studies thus far have included a wide range of time after surgery, limiting
the application of the findings to early rehabilitation. Therefore, there are biomechanical
differences between limbs after ACLR, but it is unclear how these differences compare to
healthy matched controls.
Individuals at risk of an ACL injury can improve motor control, thereby
significantly decreasing their risk of sustaining an ACL injury 92, 105. Similarly,
individuals after ACL injury can improve their motor control and become copers after the
injury, consequently postponing or potentially avoiding surgery 53. Emphasizing optimal
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motor control during functional tasks soon after surgery could, theoretically, maximize
neuroplasticity mechanisms and decrease the risk of chronic ailments that come to be
associated with the injury 129. Therefore, the purpose of this systematic review is to
evaluate the current evidence for identification of neuromuscular control deficits within
the first 12 months after ACLR, with studies that included uninjured active controls as a
comparison group.
Methods
Search Methodology
The search strategy was conducted through the University of Kentucky electronic
databases Cochrane, CINAHL, and Medline/Pubmed between September and October of
2018. All smaller databases and journals were selected within each of these database
systems with an RSS feed created to include any newly published articles. The search
terms “ACL” and “anterior cruciate ligament” were used in addition to “reconstruction,”
“rehabilitation,” “injury,” and “surgery” to include individuals after ACL reconstruction.
To quantify the outcomes, “motor control,” “motor learning,” “balance,” “stability,”
“proprioception,” “angle,” “moment,” “control,” “perturbation,” “neuromuscular,” and
“biomechanics” were added to the list of Boolean terms. Studies were limited to
publications written in English after 2008 (10 years) due to technological advancements,
with studies assessing human subjects no more than 12 months after ACLR surgery in
comparison to an uninjured active control cohort (Table 1).
Assessment of Risk of Bias
Two reviewers separately scored each study on the Risk of Bias Assessment Tool
for Non-Randomized Studies (RoBANS) since all studies were cohort designs (Appendix
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A). A consensus was met for all ratings, with “unsure” reported if any articles were not
specific in the recruitment of subjects or documentation of the interventions and
rehabilitation techniques, since these factors would influence the motor control of the
subjects. The Downs and Black checklist 33 was scored by both reviewers to identify
validity and reporting biases, with a consensus met for all of the ratings.
Statistical Analysis
Hedges’ g effect sizes, including 95% confidence intervals, were plotted and
compared within study methodology techniques, including double limb stability, single
limb stability, strength and electromyographic activity, and biomechanical variables.
Studies were organized based on time from ACLR surgery. Effect sizes were graphed
such that a negative effect size indicated poor control or measurements associated with
increased risk of injury and positive effect sizes indicating that ACLR subjects
outperformed healthy controls. Meta-analyses were not conducted.
Results
Search Results
By using the search terms (Table 2), 6207 articles were identified. After deleting
duplicates, physician/surgeon interventions, non-human studies, non-English studies, and
items that were not research articles, 2,237 articles were acknowledged as potential
publications to include in this systematic review. An additional 1,742 articles were
removed because they did not study individuals after a primary ACLR. Another 272
studies were removed because subjects were beyond a year after ACLR surgery, and 302
studies were removed because they did not include a healthy control group. Thirty studies
met inclusion and exclusion criteria (Table 3) and were analyzed for the qualitative
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aspect of the systematic review. A flow-chart of these search results can be visualized in
Figure 2.
Study Characteristics
All studies in this review were cross-sectional cohort designs (Table 4). Testing
after surgery ranged from 2 weeks to 11 months. The results of the 30 studies are
compiled in Figure 5, with all studies scoring an average of 11.5 ± 3.5 in the Downs and
Black (Appendix B). Only 28 studies provided averages and standard deviations needed
to calculate Hedges’ g effect sizes, which were calculated with a 95% confidence interval
(Table 5). All studies utilized the Biodex balance, Accusway, and force platforms for the
center of pressure analyses. The Biodex and Cybex dynamometers were used for strength
assessments. Three-dimensional biomechanics were the most frequent method for
evaluating dynamic control during walking, running, hopping, and jumping (Table 4).
Synthesis of Results
Two studies investigated double limb stability 2, 27, five studies assessed single
limb stability 10, 27, 73, 91, 112, seven evaluated muscle strength and activation 24, 70, 73, 74, 95,
104, 158

, and eighteen quantified biomechanical movements 11, 25, 46, 65, 74, 79, 89, 91, 94, 101, 104,

106, 112, 130, 142, 145, 157, 158

. Over 50 variables were used to evaluate motor control the first

year after ACLR surgery (Table 5). Double- and single-limb static stance tests were the
most frequently used assessments of stability, with knee positioning of the stance limb
between 0 and 20 degrees of flexion. The isometric and isokinetic strength of the
quadriceps and hamstrings were the most common assessment tools for evaluating
muscle strength and activity. The most frequently reported angle and moments of the
biomechanical studies were knee flexion and abduction. Effect sizes had confidence
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intervals that ranged between -4.65 and 2.49, depending on the time interval since
surgery and the specific assessments performed.
Two studies investigated double limb stability (Figure 3) 2, 27. At two weeks after
surgery, Daulty et al. found individuals after ACLR had significantly less stability than
matched controls, with knees extended as well as knee flexed to 20 degrees 27. In
comparison, Akbari tested individuals after ACLR at one month and then implemented a
2-week balance protocol, comparing the results to a control group 2. No significant
differences in double limb stability at one month was reported; however, the ACLR
group was more stable than the control group after a 2-week balance intervention 2. No
studies evaluated double limb stability beyond two months after ACLR, but double limb
tasks were utilized for single limb and biomechanical analyses in other studies.
Five studies assessed single limb stability using both single and double limb tasks
(Figure 4). Daulty et al. was the only study that investigated single-leg balance at two
weeks 27. They reported no significant differences between limbs, but they were not able
to collect data on seven subjects after ACLR due to the subjects’ inability to perform
single-leg balance with their eyes closed. Laudani et al. quantified sway from sitting to
standing with both feet planted on a force plate 73. They found that individuals with a
hamstring graft moved with less medial-lateral and vertical sway as compared to a group
that had a patellar tendon graft at two months; both groups had significantly more sway
than controls. Paterno et al., Bodkin et al., and Mohammadi et al. evaluated single-leg
postural sway through single-leg balance at six to nine months after ACLR 10, 91, 112.
Paterno et al. and Bodkin et al. found no significant impairments in single-leg stability,
while Mohammadi et al. reported significantly decreased stability of the involved side.
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Paterno et al. and Bodkin et al. had the stance limb flexed no more than 10 degrees while
Mohammadi et al. had the knee flexed 15-20 degrees, which potentially could explain the
difference in findings among studies.
Studies suggest that muscle strength and muscle activation were the greatest
impairments after ACLR (Figure 5). At one month after ACLR, the rate of force
development during a sit-to-stand test was significantly impaired in individuals with
patellar tendon grafts and hamstring grafts 73. Labanca et al. tested quadriceps latency in
two different studies and found that both the vastus lateralis and rectus femoris
demonstrated increased latencies in the involved limb, at two months after ACLR, as
compared to healthy control subjects 70, 71. Czamara et al., O’Malley et al., Xergia et al.,
and Laudner et al. tested strength with a dynamometer, and found significant impairments
in quadriceps strength that normalized around eight months after ACLR 24, 74, 104, 158.
Uninvolved limb strength was not tested before six months after ACLR, however
strength equaled the control group at six months and was stronger than the control group
around eight months (Figure 5).
Eighteen of the studies selected for this review assessed biomechanics after
ACLR (Figure 6). However, due to the fact that the outcome variables of interest varied
across studies, meta-analyses were not completed. The majority of studies assessed
biomechanics 6-9 months after ACLR (Table 5). Knee flexion angles at initial contact
continued to be significantly impaired up to 8 months after ACLR 11, with impaired
coordination of the hip, ankle, and knee also reported at that time 65, 145. Fewer studies
investigated biomechanics 2 weeks to 2 months after ACLR (Figure 6). Walking step
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length, knee extensor moment, and maximum vertical ground reaction forces were
significantly impaired in the involved limb 25, 46, 157.
Discussion
For the studies included in this review, more than 50 variables were used to
quantify motor control impairments after ACLR. Consequently, effect sizes were
subcategorized, calculated, and graphed based on time from surgery (Figure 3, Figure 4,
Figure 5, Figure 6). Based on the RoBANS and Downs and Black ratings, 14 of the
studies were biased in subject recruitment with 11 studies recruiting only males and 3
recruiting only females. Additionally, all studies were cross-sectional with limited reports
of rehabilitation techniques or neuromuscular training. Impairments of motor control
were evident as early as two weeks after surgery, with most assessments occurring
between six and nine months (Table 5). All of the studies included in this systematic
review had a control group, with the ability to identify impairments bilaterally after
ACLR. There was no consensus on the best measurements for evaluating motor control
after ACLR, but the most frequent assessments were single-leg balance and dynamometer
strength.
Only two studies investigated double limb stability in the assessment of motor
control after ACLR (Figure 3) 2, 27. Daulty et al. and Akbari et al. used different testing
methods at different time points after ACLR; 2 and 4 weeks, respectfully 2, 27. Daulty et
al. found significant impairments in double limb stability after ACLR and suggested the
finding was due to static double limb stability normalizing before one month. Akbari et
al. found an improvement in double limb stability with a 2-week balance intervention,
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indicating an improvement in control after ACLR. Therefore, double limb stability is
impaired the first month after ACLR and improves with balance interventions.
Daulty et al. used single- and double-limb tasks to evaluate single limb stability
after ACLR. At two weeks, they found no significant impairment in static single-leg
balance 27. However, trials were repeated if a subject lost their balance, resulting in
reporting biases since seven of the subjects were unable to complete the task with eyes
closed. Laudani et al. compared the single limb stability of individuals recovering from a
hamstring graft compared to a patellar tendon graft, one month after ACLR 73.
Interestingly, anterior-posterior sway was less impaired than medial-lateral in both
groups, with greater stability noted in the hamstring graft group during a sit-to-stand
task73. Paterno et al., Bodkin et al., and Mohammadi et al. evaluated single-leg postural
sway while balancing on one leg differently, with some groups using an extended knee
and others testing subjects with the knee slightly bent 10, 91, 112. Based on these findings,
the assessment of single-leg stability throughout rehabilitation should use single-leg
balance with the stance knee flexed to approximately 15-20 degrees 91.
Muscle strength and muscle activation are significantly impaired throughout the
first year after ACLR. Laudani et al. found impaired rate of force development during a
sit-to-stand task 2 and 6 weeks after ACLR, providing potential early markers of strength
and power deficiency 73. Two studies investigated muscle latency 2 months after ACLR,
with both reporting delayed quadriceps response from a perturbation 70, 71. Dynamometer
torque measurement was the most common method for assessing muscular strength and
activation after ACLR. Studies have consistently reported significant impairments of the
quadriceps that seem to normalize around 8 months after ACLR 24, 74, 104, 158. Uninvolved
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limb strength normalizes before 6 months after ACLR and outperforms the control group
at 7 months, suggesting the uninvolved limb is not a good control for the ACLR limb.
A majority of studies reported findings related to biomechanical variables after
ACLR, using a wide range of assessments. Walking mechanics seem to be the best
marker of normalization of motor control early after ACLR, specifically 2 weeks to 2
months 25, 46, 157. However, according to work by Tsivgoulis and colleagues, walking
mechanics did not appear to be completely normalized at 7 months after ACLR 145. In
other studies, hopping and jumping mechanics were assessed between 6 and 9 months
after ACLR, and were among the primary indicators of safe return to sport 74, 89, 91, 104, 106,
158

.
Overall, individuals after ACLR improve their balance, coordination, and strength

over time, but continue to display impairments up to a year after ACLR. These findings
can be interpreted in two ways: either individuals after ACLR need additional time to
normalize the movements, or rehabilitation specialists need to identify these impairments
soon after ACLR so they can be treated earlier. Since the uninvolved limb is not
consistently a good comparison for the ACLR limb, a matched control group provides a
better expectation for how a subject should move after ACLR.
Limitations of this systematic review include the fact that a meta-analysis of the
data could not be completed due to variation in outcome variables of interest across
studies. Additionally, many of these assessment tools are difficult to implement in a
clinical environment, as they use highly technical evaluations of motion. Longitudinal
studies of the progression of balance, strength, coordination, and movement would
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provide a greater understanding of how these variables relate to each other and progress
over time in the first year after ACLR.
Conclusion
ACL rehabilitation negatively influences double limb stability, single limb
stability, muscle strength, muscle coordination, and biomechanical movement patterns.
Additional research is needed to better understand how balance, strength, coordination,
and movement evolve and change throughout ACL rehabilitation, and how those changes
compare to an uninjured population. This is critical since the injury and subsequent
surgery influence movements bilaterally.

Copyright © Kathryn Caroline Hickey Lucas 2020
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Table 1 PICO Question: How do individuals within the first year of ACL
reconstruction display motor control during functional tasks compared to healthy
controls?
Terms
P

Individuals in the first 12 months

I

status-post anterior cruciate ligament (ACL) reconstruction

C

compared to healthy controls

O

differ in motor control during functional tasks
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Table 2

Search Strategies
Search Terms

P

ACL, anterior cruciate ligament

I

Reconstruction, rehabilitation, injury, surgery

C
O

Motor control, motor learning, balance, proprioception, angle, moment,
biomechanics, control, perturbation, stability, neuromuscular
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Table 3

Inclusion and Exclusion Criteria

Inclusion Criteria
1.
2.
3.
4.
5.

The study was published in the past 10 years (2008 or later)
Motor control was quantified in the study
The study’s participants were all human
Subjects after ACL reconstruction were less than 12 months from surgery
The study had a healthy control group

Exclusion Criteria
1.
2.
3.
4.
5.

The study was written in a language other than English
The study compared surgical techniques
The study investigated a treatment or rehabilitation technique
The study investigated a functional test that did not quantify motor control
The study tested subjects greater than 12 months after ACL reconstruction
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Table 4 Study Characteristics including study design, number of injured and non-injured subjects (Inj:Non), number of male and
female participants in each group (M:F), graft type (patellar tendon: hamstring: allograft), country, and motor control test.
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Lead Author

Year

Study
Design

Akbari

2015

Cohort

24:24

24:0

24:0

NR

Iran

Biodex balance

Bodkin

2018

Cohort

90:108

59:49

49:51

60 PT, 48 HS

USA

Accusway

Boggess

2018

Cohort

11:11

0:11

0:11

10 PT, 1 HS

USA

3D biomechanics

Cvjetkovic

2015

Cohort

20:20

20:0

20:0

HS

Bosnia

Biodex

Czamara

2015

Cohort

32:30

32:0

30:0

NR

Poland

3D biomechanics

Czamara

2018

Cohort

30:30

30:0

30:0

HS

Poland

Biodex

Daulty

2010

Cohort

35:35

26:9

26:9

29 PT, 6 HS

France

Stabilometric platform QFP

Furlanetto

2016

Cohort

20:20

NR

NR

NR

Brazil

Force plate

Hadizadeh

2016

Cohort

22:15

13:9

9:6

HS

Malaysia

3D biomechanics

Kiefer

2013

Cohort

22:22

0:22

0:22

HS or PT

USA

3D biomechanics

Labanca

2015

Cohort

9:9

9:0

9:0

PT

Italy

Surface EMG

Labanca

2018

Cohort

12:12

12:0

12:0

PT

Italy

Surface EMG

Laudani

2014

Cohort

73:22

73:0

22:0

47 PT, 26 HS

Italy

Force plate

Laudner

2015

Cohort

26:26

15:11

15:11

PT

USA

Just Jump & Biodex

Lepley

2016

Cohort

20:20

9:11

9:11

11 PT, 9 HS

USA

3D biomechanics

Meyer

2018

Cohort

17:28

12:5

14:14

11 HS, 6 PT

Luxembourg

3D biomechanics

Mohammadi

2012

Cohort

30:30

22:8

24:6

HS or PT

Iran

Kistler force plate

Morgan

2016

Cohort

16:16

NR

NR

PT and HS

USA

Mualdi

2009

Cohort

20:20

14:6

14:6

HS

Saudia Arabia

Noehren

2014

Cohort

20:20

0:20

0:20

PT and HS

USA

O'Malley

2018

Cohort

118:44

118:0

44:0

PT

Ireland

3D biomechanics
Proprioception acuity with
custom rotation device
Trunk stability test & 3D
biomechanics
3D biomechanics, Cybex

Inj:Non

M:F
(ACLR)

M:F
(Controls)

Graft Type
(PT:HS:Allo)

Country

Motor Control Test

Table 4 (continued)
Lead Author

Year

Study
Design

Pahnabi

2014

Cohort

15:15

NR

NR

PT

Iran

Kistler force plate

Pairot de Fontenay

2015

Cohort

13:16

13:0

16:0

France

3D biomechanics

Paterno

2011

Cohort

56:42

21:35

13:29

USA

3D biomechanics

Paterno

2013

Cohort

56:42

21:35

13:29

PT
25 PT, 27 HS, 4
Allo
Not reported

USA

Biodex balance

Shabani

2015

Cohort

15:15

8:7

8:7

PT

France

3D biomechanics

Thomson

2018

Cohort

16:16

16:0

16:0

7 PT, 9 HS

Qata

3D biomechanics

Tsivgoulis

2011

Cohort

20:20

20:0

20:0

HS

Greece

3D biomechanics

Winiarski

2012

Cohort

53:44

53:0

44:0

HS

Poland

2 camera analysis

Xergia

2013

Cohort

22:22

22:0

22:0

PT

Greece

Biodex, 3D biomechanics

Inj:Non

M:F
(ACLR)

M:F
(Controls)

Graft Type
(PT:HS:Allo)

Country

Motor Control Test
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Table 5 Synthesis of Results. The average and standard deviations (SD) of the ACLR and control groups, with effect sizes. If
studies did not report a variable, not reported (NR) was written in and an effect size could not be calculated (/).
Study

Time from Surgery

Category of
Testing

1 month (ACL: 4
weeks, Control: day
1)
1.5 months (ACL:
post 2 wk training,
ACL: 50 weeks)
6.5±1.4 months
(involved limb)
6.5±1.4 months
(uninvolved limb)

SL balance
(involved)
SL balance
(uninvolved)

Boggess 2018

7.8±2.1 months

Co-contraction

Boggess 2018

7.8±2.1 months

Boggess 2018

7.8±2.1 months

Boggess 2018

7.8±2.1 months

Boggess 2018

7.8±2.1 months

Cvjetkovic
2015

6 months

Czamara 2015

1 month

Czamara 2015

1 month

Akbari 2015
Akbari 2015
Bodkin 2018
Bodkin 2018

DL balance
DL balance
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Biomechanics
Running
(involved)
Simulated
EMG
(involved)
Simulated
EMG
(involved)
Simulated
EMG
(involved)
Strength
Biomechanics
Walking
(involved)
Biomechanics
Walking
(involved)

ACLR
Average

ACLR
SD

Control
Average

Control
SD

Effect
Size

2.05

0.93

6.57

14.33

-0.45

1.15

0.36

2.4

1.53

-1.12

Inv COP Av Velocity

5.53

1.37

5.48

1.75

0.03

Uninv COP Av Velocity

5.62

1.32

5.52

1.52

0.07

Erector spinae cocontraction

0.04

0.58

0.65

0.11

-1.46

Knee flexion at IP

28

5.2

35.9

6

-1.41

Biceps femoris

3.93

1.42

2.5

1.12

1.12

Semimembranosus

4.05

1.78

2.1

1

1.35

Semitendinosus

1.23

0.46

0.72

0.35

1.25

Flexor & Extensor PT/BW
at 60 & 180 deg/sec

NR

NR

NR

NR

/

Max Knee Flexion in Stance
(involved)

-17.21

8.07

-14.31

8.59

-0.35

Max Knee Extension in
Stance

-16.92

8.92

-16.78

8.45

-0.02

Measure
DL Dynamic Mean AP Stab
Index Unilat/Involved Eyes
Open (DMAPSIUSIEO)
DL Dynamic Mean AP Stab
Index Unilat/Involved Eyes
Open (DMAPSIUSIEO)

Table 5 (continued)
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Study

Time from Surgery

Czamara 2015

1 month

Czamara 2015

2 months

Czamara 2015

2 months

Czamara 2015

2 months

Czamara 2015

3 months

Czamara 2015

3 months

Czamara 2015

3 months

Czamara 2018

4 months

Czamara 2018

4 months

Czamara 2018

4 months

Czamara 2018

4 months

Czamara 2018

4 months

Czamara 2018

4 months

Category of
Testing
Biomechanics
Walking
(involved)
Biomechanics
Walking
(involved)
Biomechanics
Walking
(involved)
Biomechanics
Walking
(involved)
Biomechanics
Walking
(involved)
Biomechanics
Walking
(involved)
Biomechanics
Walking
(involved)
Strength
(involved)
Strength
(involved)
Strength
(involved)
Strength
(involved)
Strength
(involved)
Strength
(involved)

Measure

ACLR
Average

ACLR
SD

Control
Average

Control
SD

Effect
Size

Max Knee Flexion in Swing
(involved)

-17.05

9.33

-11.26

9.42

-0.62

Max Knee Flexion in Stance
(involved)

-11.4

8.14

-14.31

8.59

0.35

Max Knee Extension in
Stance

-10.92

7.84

-16.78

8.45

0.72

Max Knee Flexion in Swing
(involved)

-8.65

10.55

-11.26

9.42

0.26

Max Knee Flexion in Stance
(involved)

-12.45

12.18

-14.31

8.59

0.18

Max Knee Extension in
Stance

-13.48

11.52

-16.78

8.45

0.33

Max Knee Flexion in Swing
(involved)

-9.3

13.3

-11.26

9.42

0.17

Q Isometric Torque

2.68

0.69

3.88

0.88

-1.52

Q PT 60 deg/sec

1.9

0.39

2.72

0.45

-1.95

Q PT 180 deg/sec

1.35

0.32

2.01

0.31

-2.09

HS Isometric Torque

1.29

0.28

1.81

0.41

-1.48

HS PT 60 deg/sec

1.32

0.25

1.62

0.27

-1.15

HS PT 180 deg/sec

0.91

0.21

1.15

0.25

-1.04

Table 5 (continued)
Study

Time from Surgery

Daulty 2010
Daulty 2010
Daulty 2010
Daulty 2010

0.5 month
0.5 month
0.5 month
0.5 month

Daulty 2010

0.5 month (involved)

Daulty 2010

0.5 month (involved)

Daulty 2010
Daulty 2010

37

Furlanetto
2016
Furlanetto
2016
Furlanetto
2016

0.5 month
(uninvolved)
0.5 month
(uninvolved)
6 months
6 months
6 months

Hadizadeh
2016

3 months

Hadizadeh
2016

3 months

Hadizadeh
2016

3 months

Kiefer 2013

8.5±2.5 months

Category of
Testing
DL balance
DL balance
DL balance
DL balance
SL balance
(involved)
SL balance
(involved)
SL balance
(uninvolved)
SL balance
(uninvolved)
Biomechanics
Step Down
Biomechanics
Step Down
Biomechanics
Step Down
Biomechanics
Walking
(involved)
Biomechanics
Walking
(involved)
Biomechanics
Walking
(involved)
Coordination
(involved)

DL Knee Ext EO
DL Knee Ext EC
DL Knee Flex EO
DL Knee Flex EC

ACLR
Average
485
814
636
1160

ACLR
SD
153
333
180
379

Control
Average
406
656
547
959

Control
SD
73
164
135
240

Effect
Size
0.66
0.60
0.56
0.63

SL Knee Ext EO

437

135

396

76

0.37

SL Knee Ext EC

818

162

843

237

-0.12

SL Knee Ext EO

420

119

362

73

0.59

SL Knee Ext EC

858

209

799

238

0.26

AP Amplitude of COP

NR

NR

NR

NR

/

ML Amplitude of COP

NR

NR

NR

NR

/

Fz Peak with Step Down

NR

NR

NR

NR

/

Stance ROM

17.2

7.5

15

9.1

0.27

VGRF

0.846

0.017

0.861

0.018

-0.86

Knee extension moment

0.415

0.141

0.559

0.161

-0.96

SL Ankle-hip coordination
stability during SL balance
with gaze tracking

33.84

13.79

21.87

5.23

1.15

Measure

Table 5 (continued)
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Study

Time from Surgery

Category of
Testing

Kiefer 2013

8.5±2.5 months

Coordination
(involved)

Labanca 2015

2 months

Labanca 2015

2 months

Labanca 2018

2 months

Labanca 2018

2 months

Laudani 2014

1 month (BPTB)

Laudani 2014

1 month (BPTB)

Laudani 2014

1 month (HS)

Laudani 2015

1 month (HS)

Laudani 2014

2 months (BPTB)

Laudani 2014

2 months (BPTB)

Laudani 2014

2 months (HS)

Laudani 2014

2 months (HS)

Laudani 2014

1 month (BPTB)

Laudani 2014

1 month (BPTB)

Laudani 2014

1 month (HS)

EMG
(involved)
EMG
(involved)
EMG
(involved)
EMG
(involved)
Coordination
(involved)
Coordination
(uninvolved)
Coordination
(involved)
Coordination
(uninvolved)
Coordination
(involved)
Coordination
(uninvolved)
Coordination
(involved)
Coordination
(uninvolved)
Coordination
(involved)
Coordination
(uninvolved)
Coordination
(involved)

ACLR
Average

ACLR
SD

Control
Average

Control
SD

Effect
Size

99.46

0.36

99.27

0.44

0.47

VL latency

82

15

68

10

1.10

RF latency

81

21

63

10

1.09

VL latency

47

17

16

13

2.05

VL latency

91

18

56

21

1.79

Rate of Force Development

12.9

13.2

58.7

17.4

-3.13

Rate of Force Development

44.5

13.6

56.8

12.8

-0.92

Rate of Force Development

19.5

16.8

58.7

17.4

-2.30

Rate of Force Development

37.5

14.9

56.8

12.8

-1.38

Rate of Force Development

31.1

17.9

55.4

18.6

-1.34

Rate of Force Development

50.5

17

52.7

15.9

-0.13

Rate of Force Development

38

15.7

55.4

18.6

-1.02

Rate of Force Development

47.1

12.2

52.7

15.9

-0.40

Vertical Force

6.36

0.99

8.05

0.9

-1.76

Vertical Force

8.58

1.05

7.65

0.94

0.91

Vertical Force

5.37

1.11

8.05

0.9

-2.63

Measure
SL CRQ nonlinear analysis
during SL balance with gaze
tracking

Table 5 (continued)
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Study

Time from Surgery

Laudani 2014

1 month (HS)

Laudani 2014

2 months (BPTB)

Laudani 2014

2 months (BPTB)

Laudani 2014

2 months (HS)

Laudani 2014

2 months (HS)

Laudani 2014

1 month (BPTB)

Laudani 2014

1 month (BPTB)

Laudani 2014

1 month (HS)

Laudani 2014

1 month (HS)

Laudani 2014

2 months (BPTB)

Laudani 2014

2 months (BPTB)

Laudani 2014

2 months (HS)

Laudani 2014

2 months (HS)

Laudani 2014

1 month (BPTB)

Laudani 2014

1 month (BPTB)

Laudani 2014

1 month (HS)

Category of
Testing
Coordination
(uninvolved)
Coordination
(involved)
Coordination
(uninvolved)
Coordination
(involved)
Coordination
(uninvolved)
Coordination
(involved)
Coordination
(uninvolved)
Coordination
(involved)
Coordination
(uninvolved)
Coordination
(involved)
Coordination
(uninvolved)
Coordination
(involved)
Coordination
(uninvolved)
Coordination
(involved)
Coordination
(uninvolved)
Coordination
(involved)

Measure

ACLR
Average

ACLR
SD

Control
Average

Control
SD

Effect
Size

Vertical Force

7.96

0.91

7.65

0.94

0.34

Vertical Force

4.98

0.86

8.05

1

-3.39

Vertical Force

8.55

1.05

7.67

0.96

0.86

Vertical Force

6.69

0.93

8.05

1

-1.41

Vertical Force

7.78

1

7.67

0.96

0.11

AP Forces

0.55

0.33

0.6

0.22

-0.17

AP Forces

0.65

0.31

0.53

0.21

0.42

AP Forces

0.71

0.2

0.6

0.22

0.53

AP Forces

0.84

0.4

0.53

0.21

0.95

AP Forces

0.56

0.33

0.61

0.22

-0.17

AP Forces

0.7

0.34

0.56

0.22

0.46

AP Forces

0.68

0.4

0.61

0.22

0.21

AP Forces

0.75

0.37

0.56

0.22

0.61

ML Forces

0.4

0.2

1.07

0.23

-3.19

ML Forces

1.3

0.37

0.91

0.24

1.17

ML Forces

0.49

0.2

1.07

0.23

-2.71

Table 5 (continued)
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Study

Time from Surgery

Laudani 2014

1 month (HS)

Laudani 2014

2 months (BPTB)

Laudani 2014

2 months (BPTB)

Laudani 2014

2 months (HS)

Laudani 2014

2 months (HS)

Laudner 2015

7.8±1.9 months

Laudner 2015

7.8±1.9 months

Laudner 2015

7.8±1.9 months

Laudner 2015

7.8±1.9 months

Laudner 2015

7.8±1.9 months

Laudner 2015

7.8±1.9 months

Laudner 2015

7.8±1.9 months

Laudner 2015

7.8±1.9 months

Laudner 2015

7.8±1.9 months

Laudner 2015

7.8±1.9 months

Laudner 2015

7.8±1.9 months

Category of
Testing
Coordination
(uninvolved)
Coordination
(involved)
Coordination
(uninvolved)
Coordination
(involved)
Coordination
(uninvolved)
Biomechanics
(involved)
Biomechanics
(uninvolved)
Biomechanics
(involved)
Biomechanics
(involved)
Strength
(involved)
Strength
(uninvolved)
Strength
(involved)
Strength
(uninvolved)
Strength
(involved)
Strength
(uninvolved)
Strength
(involved)

Measure

ACLR
Average

ACLR
SD

Control
Average

Control
SD

Effect
Size

ML Forces

0.97

0.29

0.91

0.24

0.22

ML Forces

0.68

0.27

1.1

0.24

-1.61

ML Forces

1.31

0.34

0.9

0.25

1.30

ML Forces

0.77

0.27

1.1

0.24

-1.29

ML Forces

1.03

0.26

0.9

0.25

0.51

SL Vertical Height

27.2

5.6

31.2

6.4

-0.67

SL Vertical Height

32.5

6.4

31.2

6.6

0.20

4-jump Air: Ground Time
Ratio

0.94

0.2

1.1

0.2

-0.80

4-Jump Vertical Height

20.3

5.3

24.9

6.9

-0.75

Ext 180 PT/BW

60.5

12

65.7

12.4

-0.43

Ext 180 PT/BW

73.9

12.4

67.7

10.8

0.53

Flex 180 PT/BW

40.7

6.9

36.4

7.4

0.60

Flex 180 PT/BW

39.6

7.6

36

7.2

0.49

Ext 300 PT/BW

46.9

8.6

49.8

9.2

-0.33

Ext 300 PT/BW

57.9

9

50.8

9.4

0.77

Flex 300 PT/BW

33.7

6.3

30.1

5.6

0.60
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Study

Time from Surgery

Laudner 2015

7.8±1.9 months

Lepley 2016

6 months

Lepley 2016

6 months

Lepley 2016

6 months

Lepley 2016

6 months

Lepley 2016

6 months

Lepley 2016

6 months

Lepley 2016

6 months

Lepley 2016

6 months

Lepley 2016

6 months

Lepley 2016

6 months

Category of
Testing
Strength
(uninvolved)
Biomechanics
Step Descent
(involved)
Biomechanics
Step Descent
(uninvolved)
Biomechanics
Step Descent
(involved)
Biomechanics
Step Descent
(uninvolved)
Biomechanics
Step Ascent
(involved)
Biomechanics
Step Ascent
(uninvolved)
Biomechanics
Step Ascent
(involved)
Biomechanics
Step Ascent
(uninvolved)
Biomechanics
Step Ascent
(involved)
Biomechanics
Step Ascent
(uninvolved)

Measure

ACLR
Average

ACLR
SD

Control
Average

Control
SD

Effect
Size

Flex 300 PT/BW

34.1

6

31.7

6

0.40

Peak knee extension moment

0.56

0.19

0.69

0.18

-0.70

Peak knee extension moment

0.7

0.25

0.7

0.14

0.00

Peak knee abduction
moment

0.15

0.11

0.22

0.06

-0.79

Peak knee abduction
moment

0.15

0.11

0.22

0.06

-0.79

Peak knee flexion angle

5.3

6.9

11

5.6

-0.91

Peak knee flexion angle

7

6.2

11.2

5.7

-0.71

Knee flexion angle at IC

63.1

7.6

71.9

6.2

-1.27

Knee flexion angle at IC

65.9

5.9

71.5

6.7

-0.89

Peak knee extension moment

0.55

0.19

0.71

0.13

-0.98

Peak knee extension moment

0.62

0.31

0.71

0.11

-0.39

Table 5 (continued)
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Study

Time from Surgery

Lepley 2016

6 months

Lepley 2016

6 months

Lepley 2016

6 months

Lepley 2016

6 months

Meyer 2018

8.9±1.3 months

Meyer 2018

8.9±1.3 months

Meyer 2018

8.9±1.3 months

Meyer 2018

8.9±1.3 months

Meyer 2018

8.9±1.3 months

Meyer 2018

8.9±1.3 months

Meyer 2018

8.9±1.3 months

Category of
Testing
Biomechanics
Step Ascent
(involved)
Biomechanics
Step Ascent
(uninvolved)
Biomechanics
Step Ascent
(involved)
Biomechanics
Step Ascent
(uninvolved)
Biomechanics:
DVJ
(involved)
Biomechanics:
DVJ
(uninvolved)
Biomechanics:
DVJ
(involved)
Biomechanics:
DVJ
(uninvolved)
Biomechanics:
DVJ
(involved)
Biomechanics:
DVJ
(uninvolved)
Biomechanics:
DVJ
(involved)

Measure

ACLR
Average

ACLR
SD

Control
Average

Control
SD

Effect
Size

Hip abduction angle at IC

6.6

4

3.5

4.6

0.72

Hip abduction angle at IC

6.2

3.4

3.3

4

0.78

Frontal plane hip joint
excursion

14.6

4.1

11.1

2.3

1.05

Frontal plane hip joint
excursion

14.9

2.9

11.4

2.6

1.27

Energy absorption

1.22

0.39

1.49

0.32

-0.78

Energy absorption

1.62

0.4

1.58

0.27

0.12

Knee flexion angle at IC

23.4

8

26.5

9.5

-0.35

Knee flexion angle at IC

24

7

27.2

9

-0.38

Knee valgus angle at IC

3.7

4.9

3.3

6.3

0.07

Knee valgus angle at IC

2

3.4

4.5

4.7

-0.59

Peak knee flexion angle

93.8

14.9

101

11.4

-0.56
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Study

Time from Surgery

Meyer 2018

8.9±1.3 months

Meyer 2018

8.9±1.3 months

Meyer 2018

8.9±1.3 months

Meyer 2018

8.9±1.3 months

Meyer 2018

8.9±1.3 months

Meyer 2018

8.9±1.3 months

Meyer 2018

8.9±1.3 months

Mohammadi
2012
Mohammadi
2012
Mohammadi
2012
Mohammadi
2012
Mohammadi
2012
Mohammadi
2012

8.4±1.8 months
8.4±1.8 months
8.4±1.8 months
8.4±1.8 months
8.4±1.8 months
8.4±1.8 months

Category of
Testing
Biomechanics:
DVJ
(uninvolved)
Biomechanics:
DVJ
(involved)
Biomechanics:
DVJ
(uninvolved)
Biomechanics:
DVJ
(involved)
Biomechanics:
DVJ
(uninvolved)
Biomechanics:
DVJ
(involved)
Biomechanics:
DVJ
(uninvolved)
SL balance
(involved)
SL balance
(uninvolved)
SL balance
(involved)
SL balance
(uninvolved)
SL balance
(involved)
SL balance
(uninvolved)

Measure

ACLR
Average

ACLR
SD

Control
Average

Control
SD

Effect
Size

Peak knee flexion angle

96.9

14.7

101.7

11.8

-0.37

Peak knee flexion moment

1.74

0.35

1.91

0.3

-0.53

Peak knee flexion moment

2.1

0.44

2.03

0.26

0.21

Peak knee abduction
moment

0.14

0.13

0.06

0.08

0.79

Peak knee abduction
moment

0.17

0.1

0.07

0.08

1.14

Peak VGRF

1.83

0.57

1.67

0.41

0.34

Peak VGRF

1.87

0.47

1.74

0.46

0.28

1.3

0.1

1.2

0.1

1.00

1.2

0.1

1.2

0.1

0.00

1.4

0.1

1.3

0.1

1.00

1.3

0.1

1.3

0.1

0.00

1.7

0.3

1.9

0.1

-0.89

2.1

0.2

1.9

0.2

1.00

Rigid Postural Sway Mean
Velocity
Rigid Postural Sway Mean
Velocity
Foam Postural Sway Mean
Velocity
Foam Postural Sway Mean
Velocity
Landing PVGRF from 1st
DVJ
Landing PVGRF from 1st
DVJ

Table 5 (continued)
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Mohammadi
2012
Mohammadi
2012

Time from Surgery
8.4±1.8 months
8.4±1.8 months
6 months

Morgan 2016

6 months

Morgan 2016

6 months

Morgan 2016

6 months

Morgan 2016

6 months

Morgan 2016

6 months

Mualdi 2009

3 months

Mualdi 2009

3 months

Mualdi 2009

6 months

Mualdi 2009

6 months

Noehren 2014

7.3±1.4 months
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Morgan 2016

Category of
Testing
SL balance
(involved)
SL balance
(uninvolved)
Biomechanics:
walking
(involved)
Biomechanics:
walking
(uninvolved)
Biomechanics:
walking
(involved)
Biomechanics:
walking
(uninvolved)
Biomechanics:
walking
(involved)
Biomechanics:
walking
(uninvolved)
Proprioception
(involved)
Proprioception
(uninvolved)
Proprioception
(involved)
Proprioception
(uninvolved)
Biomechanics
Running

Measure

ACLR
Average

ACLR
SD

Control
Average

Control
SD

Effect
Size

loading rate from 1st DVJ

20.9

5.8

23.1

4.1

-0.44

loading rate from 1st DVJ

35.8

4.1

22.8

3.9

3.25

Impulse Perturbation at IC

-90

0.4

-45.5

86.4

-0.73

Impulse Perturbation at IC

-90.7

5

-45.5

86.4

-0.74

Impulse Perturbation at 15%
Stance

99.7

105.2

94.2

86.7

0.06

Impulse Perturbation at 15%
Stance

145.3

78.8

94.2

86.7

0.62

Impulse Perturbation at 30%
Stance

105.8

100

101.4

82.4

0.05

Impulse Perturbation at 30%
Stance

147.6

75.3

101.4

82.4

0.59

JND (proprioception)

1.31

0.1

1.3

0.07

0.12

JND (proprioception)

1.35

0.08

1.3

0.07

0.67

JND (proprioception)

1.3

0.06

1.3

0.07

0.00

JND (proprioception)

1.34

0.06

1.3

0.07

0.61

Trunk SB at IC

-2

2.7

-3.7

3.5

0.54
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Study

Time from Surgery

Noehren 2014

7.3±1.4 months

Noehren 2014

7.3±1.4 months

Noehren 2014

7.3±1.4 months

Noehren 2014

7.3±1.4 months

Pahnabi 2014

7.0±0.5 month

Pahnabi 2014

7.0±0.5 month

Pairot de
Fontenay 2014

7.4 months

Pairot de
Fontenay 2014

7.4 months

Pairot de
Fontenay 2014

7.4 months

Pairot de
Fontenay 2014

7.4 months

Pairot de
Fontenay 2014

7.4 months

Pairot de
Fontenay 2014

7.4 months

Category of
Testing
Biomechanics
Running
SL balance
(involved)
SL balance
(uninvolved)
Biomechanics
Running
(involved)
SL balance
(involved)
SL balance
(involved)
Biomechanics:
SL squat hop
(involved)
Biomechanics:
SL squat hop
(uninvolved)
Biomechanics:
SL squat hop
(involved)
Biomechanics:
SL squat hop
(uninvolved)
Biomechanics:
SL squat hop
(involved)
Biomechanics:
SL squat hop
(uninvolved)

Measure

ACLR
Average

ACLR
SD

Control
Average

Control
SD

Effect
Size

Peak Trunk Lean

-6.3

4.9

-2.1

3.5

-0.99

Trunk control test errors

7.3

5.6

3.2

3.1

0.91

Trunk control test errors

5.8

5.1

1.3

1.1

1.22

Peak KEM

0.8

0.3

1.1

0.3

-1.00

EO total velocity

NR

NR

NR

NR

/

EC total velocity

NR

NR

NR

NR

/

Jump height (Inj)

0.07

0.03

0.16

0.06

-1.84

Jump height (Non-inj)

0.12

0.05

0.16

0.06

-0.72

Knee angle at IC (Inj)

64.61

10.17

77.08

6.42

-1.50

Knee angle at IC (Non-Inj)

74.58

8.04

77.08

6.42

-0.35

Ankle angle at IC (Inj)

83.61

6.63

74.74

3.77

1.69

Ankle angle at IC (Non-Inj)

79.51

6.4

74.74

3.77

0.93

Table 5 (continued)
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Study

Time from Surgery

Pairot de
Fontenay 2014

7.4 months

Pairot de
Fontenay 2014

7.4 months

Pairot de
Fontenay 2014

7.4 months

Pairot de
Fontenay 2014

7.4 months

Paterno 2013

6.9±1.7 months

Paterno 2013

6.9±1.7 months

Paterno 2011

6.9±1.7 months

Paterno 2011

6.9±1.7 months

O'Malley 2018

6.6±1.0 months

O'Malley 2018

6.6±1.0 months

O'Malley 2018

6.6±1.0 months

O'Malley 2018

6.6±1.0 months

O'Malley 2018

6.6±1.0 months

Category of
Testing
Biomechanics:
SL squat hop
(involved)
Biomechanics:
SL squat hop
(uninvolved)
Biomechanics:
SL squat hop
(involved)
Biomechanics:
SL squat hop
(uninvolved)
SL balance
(involved)
SL balance
(uninvolved)
Biomechanics:
DVJ
(involved)
Biomechanics:
DVJ
(uninvolved)
Strength
(involved)
Strength
(uninvolved)
Strength
(involved)
Strength
(uninvolved)
Biomechanics:
SL CMJ
(involved)

Measure

ACLR
Average

ACLR
SD

Control
Average

Control
SD

Effect
Size

Knee angle at take off (Inj)

13.17

6.63

7.14

5.99

0.96

Knee angle at take off (NonInj)

1.57

4.62

7.14

5.99

-1.03

Ankle angle at take off (Inj)

135.1

8.52

135.02

6.18

0.01

Ankle angle at take off (Non
Inj)

141.56

6.38

135.02

6.18

1.04

Postural sway

1.82

0.84

2.01

1.02

-0.21

Postural sway

2.07

0.96

1.96

0.94

0.12

Peak VGRF

1.77

0.35

2.01

0.4

-0.64

Peak VGRF

2.16

0.44

2.09

0.42

0.16

200.2

44.9

260.8

37.2

-1.41

260.1

45.3

253.3

39.7

0.16

145.7

28.5

155.9

24.3

-0.37

151.2

28.1

154.9

22.6

-0.14

13.1

4

17

4.1

-0.97

Isokinetic Knee Ext Peak
Torque
Isokinetic Knee Ext Peak
Torque
Isokinetic Knee Flex Peak
Torque
Isokinetic Knee Flex Peak
Torque
Jump Height

Table 5 (continued)
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Study

Time from Surgery

O'Malley 2018

6.6±1.0 months

O'Malley 2018

6.6±1.0 months

O'Malley 2018

6.6±1.0 months

Shabani 2015

10.23±1.4 months

Shabani 2015

10.23±1.4 months

Shabani 2015

10.23±1.4 months

Shabani 2015

10.23±1.4 months

Thomson 2018

5-8 months

Thomson 2018

9-10 months

Thomson 2018

5-8 months

Thomson 2018

9-10 months

Category of
Testing
Biomechanics:
SL CMJ
(uninvolved)
Biomechanics:
SL CMJ
(involved)
Biomechanics:
SL CMJ
(uninvolved)
Biomechanics:
walking
(injured)
Biomechanics:
walking
(uninjured)
Biomechanics:
walking
(injured)
Biomechanics:
walking
(uninjured)
Biomechanics:
running
(involved)
Biomechanics:
running
(involved)
Biomechanics:
running
(involved)
Biomechanics:
running
(involved)

Measure

ACLR
Average

ACLR
SD

Control
Average

Control
SD

Effect
Size

Jump Height

16

4.1

17.1

4.1

-0.27

SL CMJ Power

3393.8

678.6

3828.5

659.3

-0.65

SL CMJ Power

3724.4

720.6

4006.7

715.8

-0.39

Peak knee extension angle

10.03

4.96

23.29

18.35

-0.99

Peak knee extension angle

8.42

5.57

23.29

18.35

-1.10

Peak knee IR angle

1.53

0.21

0.07

0.25

6.32

Peak knee IR angle

2.78

0.27

0.86

0.21

7.94

Fmax at 16 km/h (<9 mo
ACLR)

32

11

9

7

2.49

Fmax at 16 km/h (>9 mo
ACLR)

6

5

9

7

-0.49

Contact Time (<9 mo
ACLR)

20

19

6

4

1.02

Contact Time (>9 mo
ACLR)

14

13

6

4

0.83

Table 5 (continued)
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Study

Time from Surgery

Tsivgoulis
2011

6-8 months

Tsivgoulis
2011

6-8 months

Winiarski
2012

0.5 months

Winiarski
2012

0.5 months

Winiarski
2012

1.5 months

Winiarski
2012

1.5 months

Winiarski
2012

2.5 months

Winiarski
2012

2.5 months

Xergia 2013

7.01±0.93 months

Xergia 2013

7.01±0.93 months

Xergia 2013

7.01±0.93 months

Xergia 2013

7.01±0.93 months

Xergia 2013

7.01±0.93 months

Category of
Testing
Biomechanics:
walking
(involved)
Biomechanics:
walking
(involved)
Biomechanics:
gait (involved)
Biomechanics:
gait
(uninvolved)
Biomechanics:
gait (involved)
Biomechanics:
gait
(uninvolved)
Biomechanics:
gait (involved)
Biomechanics:
gait
(uninvolved)
SL hop
(involved)
SL hop
(uninvolved)
SL triple hop
(involved)
SL triple hop
(uninvolved)
SL crossover
hop (involved)

Measure

ACLR
Average

ACLR
SD

Control
Average

Control
SD

Effect
Size

ML Entropy

1.631

0.331

0.716

0.306

2.87

AP Entropy

0.259

0.352

0.195

0.475

0.15

Step Length

0.307

0.111

0.649

0.036

-3.99

Step Length

0.442

0.161

0.649

0.036

-1.70

Step Length

0.517

0.103

0.649

0.036

-1.65

Step Length

0.633

0.268

0.649

0.036

-0.08

Step Length

0.766

0.194

0.649

0.036

0.80

Step Length

0.705

0.159

0.649

0.036

0.47

Single hop distance

1.2

0.32

1.61

0.18

-1.58

Single hop distance

1.46

0.3

1.58

0.17

-0.49

Triple hop distance

3.25

0.88

4.8

0.69

-1.96

Triple hop distance

4

0.88

4.76

0.66

-0.98

Crossover hop distance

3.12

0.86

4.14

0.54

-1.42

Table 5 (continued)
Study

Time from Surgery

Xergia 2013

7.01±0.93 months

Xergia 2013

7.01±0.93 months

Xergia 2013

7.01±0.93 months

Category of
Testing
SL crossover
hop
(uninvolved)
Strength
(involved)
Strength
(uninvolved)

Measure

ACLR
Average

ACLR
SD

Control
Average

Control
SD

Effect
Size

Crossover hop distance

3.72

0.88

4.15

0.6

-0.57

180deg/sec extension

1.62

0.4

2.02

0.39

-1.01

180 deg/sec extension

2.1

0.4

2.02

0.39

0.20
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Figure 2

Flow Chart of Search Strategies
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Figure 3 Forest Plot of Double Limb Stability. Two studies investigated double limb
stability tasks. Two studies investigated double limb stability tasks. At 2 weeks after
ACL reconstruction, Daulty et al. 2010 found individuals after ACL reconstruction had
significantly less stability than matched controls. Akbari tested individuals after ACL
reconstruction at 1 months and then implemented a 2-week balance protocol, comparing
the results to a control group. No studies evaluated double limb stability beyond two
months after ACL reconstruction.
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Figure 4 Forest Plots of Single Limb Stability Measurements. Methods of stabilizing
on the (A) involved and (B) uninvolved limb in comparison to control subjects. The
involved limb displayed less stability in ten studies and the uninvolved in four.
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Figure 4 (continued)
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Figure 5 Forest Plots of Muscle Strength, Activity, and Coordination. Testing muscular
differences between the A) involved and B) uninvolved limbs included Biodex/Cybex
strength testing, rotation joint proprioception testing of the knee, muscle latency with an
unanticipated perturbation of the knee, and rate of force development with a sit-to-stand
task performed on a force plate. Quadriceps muscle strength and muscle latency are
delayed in the ACL reconstructed limb but not the uninvolved limb when they are both
compared to a control group. The uninvolved limb outperformed the control group in 1
study.

54

Figure 5 (continued)
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Figure 6 Forest Plots of 3-Dimensional Biomechanical Variables. 18 studies reported
findings of the involved limb (A) and 12 reported on the uninvolved limb (B). The
uninvolved limb is inconsistent in how it compares to the control group (B).
A) Involved

9-10 Months
Shabani 2015 (10 mo, peak knee extension angle)

Less "Ideal" Movement

8-9 Months
Meyer 2018 (9 mo, DVJ, energy absorption)
Meyer 2018 (9 mo, DVJ, knee flexion angle at IC)
Meyer 2018 (9 mo, DVJ, knee abduction angle at IC)
Meyer 2018 (9 mo, DVJ, peak knee flexion angle)
Meyer 2018 (9 mo, DVJ, peak knee flexion moment)
Meyer 2018 (9 mo, DVJ, peak knee abduction moment)
Meyer 2018 (9 mo, DVJ, peak VGRF)
Mohammadi 2012 (8.4 mo, DVJ, 1st jump peak VGRF)
Mohammadi 2012 (8.4 mo, DVJ, 1st jump loading rate)
7-8 Months
Boggess 2018 (7.8 mo, running, knee flexion angle at IP)
Kiefer 2013 (8.5 mo, dynamic balance, hip-ankle coordination)
Laudner 2015 (7.8 mo, SL hop, vertical height)
Laudner 2015 (7.8 mo, 4-hop, air:ground ratio)
Laudner 2015 (7.8 mo, 4-hop, vetical height)
Noehren 2014 (7.3 mo, running, trunk SB at IC)
Noehren 2014 (7.3 mo, running, peak trunk lean)
Noehren 2014 (7.3 mo, running, peak knee extensor moment)
Pairot de Fontenay 2014 (7.4 mo, SL squat-hop, jump height)
Pairot de Fontenay 2014 (7.4 mo, SL squat-hop, knee angle at IC)
Pairot de Fontenay 2014 (7.4 mo, SL squat-hop, knee angle at take-off)
Pairot de Fontenay 2014 (7.4 mo, SL squat-hop, ankle angle at take-off)
Xergia 2013 (7 mo, SL hop, distance)
Xergia 2013 (7 mo, triple hop, distance)
Xergia 2013 (7 mo, crossover hop, distance)
6-7 Months
Paterno 2013 (7 mo, DVJ, peak VGRF)
O'Malley 2018 (6.6 mo, SL CMJ, jump height)
O'Malley 2018 (6.6 mo, SL CMJ, jump power)
Thomson 2018 (5-8 mo, running, Fmax)
Tsivgoulis 2011 (6-8 mo, walking, ML entropy)
Tsivgoulis 2011 (6-8 mo, walking, AP entropy)
5-6 Months
Lepley 2016 (6 mo, step down, peak knee extensor moment)
Lepley 2016 (6 mo, step down, peak knee abductor moment)
Lepley 2016 (6 mo, step down, peak knee flexion angle)
Lepley 2016 (6 mo, step down, knee flexion at IC)
Lepley 2016 (6 mo, step up, peak knee extensor moment)
Morgan 2016 (6 mo, walking, impulse at IC)
Morgan 2016 (6 mo, walking, impulse at 15% stance)
Morgan 2016 (6 mo, walking, impulse at 30% stance)
2-3 Months
Czamara 2015 (3 mo, walking, max knee flexion)
Czamara 2015 (3 mo, walking, max knee extension)
Hadizadeh 2016 (3 mo, walking, stance ROM)
Hadizadeh 2016 (3 mo, walking, VGRF)
Hadizadeh 2016 (3 mo, walking, knee extensor moment)
Winiarski 2012 (2.5 mo, walking, step length)
Czamara 2015 (2 mo, walking, max knee flexion)
Czamara 2015 (2 mo, walking, max knee extension)
1-2 Months
Winiarski 2012 (1.5 mo, walking, step length)

-5.00
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-3.00

More "Ideal" Movement

-1.00

1.00

3.00

5.00

Figure 6 (continued)
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CHAPTER 2:
Isometric Knee Extensor Force Development and Steadiness After Anterior Cruciate
Ligament Reconstruction
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Abstract
Background: Over 100,000 anterior cruciate ligament reconstructions (ACLR) occur
annually in the United States, with only 40% of these patients successfully returning to
pre-injury levels of sporting activities. Maximal strength assessments have identified
peak torque impairments up to 9 months post-operatively. The addition of submaximal
force testing can evaluate subcortical impaired control without the influence of
tendinopathy or pain. Two ways to evaluate subcortical control are rate of torque
development and force steadiness.
Objectives: The purpose of this study is to evaluate maximal and submaximal rate of
torque development and force steadiness in individuals after ACLR compared to a
healthy cohort.
Design: Case control design
Methods: 100 subjects (51 ACLR, 49 healthy) were recruited as a sample of convenience
with all ACLR subjects tested 6 months after their surgery. Maximal and submaximal
strength testing were performed on a Biodex System 4 dynamometer (Shirley NY, USA)
with hips and knees in 90 degrees of flexion. An independent t-test compared the limb
symmetry indexes of the ACLR and healthy cohorts. There was no difference between
the limbs of the healthy cohort, so a one-way ANOVA with Bonferroni post hoc testing
was used to compare the ACLR limbs and the left limb of the healthy cohort for both the
maximal and submaximal tests.
Results: The ACLR cohort had a lower limb symmetry index (ACLR: 60.4±21.4%,
Healthy: 95.7±14.1%, p<0.01). The ACL involved limb was weaker and the uninvolved
limb was stronger than the left limb of the healthy cohort in peak torque (ACL-Inj:
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1.7±0.6 Nm/kg, ACL-Non: 2.9±0.6 Nm/kg, Healthy: 2.5±0.7 Nm/kg, p<0.01). The
involved limb had a lower rate of torque development and the uninvolved limb had a
higher rate of torque development (ACL-Inj: 5.4±2.2 Nm/kg*s, ACL-Non: 10.0±3.4
Nm/kg*s, Healthy: 8.5±2.9 Nm/kg*s, p<0.01) than the healthy cohort. The coefficient of
variance during maximal testing was not different between the ACL limbs and the
healthy cohort but was greater on the injured ACLR limb than the uninjured limb (ACLInj: 3.9±1.9, ACL-Non: 3.2±1.0, Healthy: 3.4±1.8, p=0.02).
During submaximal testing, the healthy cohort and uninjured ACLR limb had higher rate
of torque development (ACL-Inj: 0.4±0.2 Nm/kg*s, ACL-Non: 0.6±0.3 Nm/kg*s,
Healthy: 0.6±0.2 Nm/kg*s, p<0.01) than the ACLR injured limb with no difference in
submaximal coefficient of variance (ACL-Inj: 0.05±0.02, ACL-Non: 0.04±0.02, Healthy:
0.04±0.02, p=0.06).
Discussion: Subjects after ACLR display impairments of the involved limb when
compared to both the uninvolved limb and the healthy limb. The uninvolved limb did not
display impairments compared to the healthy limb, and actually outperformed the healthy
limb in peak torque and rate of torque development during maximal testing. These
findings suggest that altered subcortical muscular control during submaximal tests are
unilateral, supporting previous literature that poor control of the quadriceps is isolated to
the involved limb.
Conclusion: Maximal and submaximal stability impairments are found only on the
involved limb of ACLR subjects, indicating that at 6-months after ACLR, strengthening
and local control of the quadriceps should continue to focus on the injured limb.
Evaluations of strength and control should compare the injured limb to the uninjured limb
60

as well as to healthy controls, since there are inconsistencies in the strength of the
uninjured limb compared to a healthy population.
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Isometric Knee Extensor Force Development and Steadiness After Anterior Cruciate
Ligament Reconstruction
Introduction
In the United States, over 100,000 anterior cruciate ligament reconstructions
(ACLR) occur annually43, and 60% of these individuals either do not return to their
previous level of function or they sustain a second injury within 2 years39, 111. Poor
strength and neuromuscular control of the quadriceps are the primary culprits of this
problem, causing increased fear and poor control during movement66, 109. The quadriceps,
or knee extensors, must be able to initiate and accurately reach a target force quickly
during functional tasks such as walking, running, and stair navigation66, 136. If this
initiation and accuracy is not restored, individuals after ACLR have difficulty returning
to normal activities and remain at high risk of a future injury111.
Knee extensor peak torque, rate of torque development, and steadiness can be
calculated from Biodex torque outputs, and have been associated with movement
abnormalities after ACLR. Greater peak torque has been associated with higher vertical
hop height119, normalized knee moments81, and decreased fear of movement109. Rate of
torque development has been associated with hop and jump performance119, step down
mechanics81, and running mechanics66. Steadiness has been associated with altered
running mechanics136. However, rate of torque development and steadiness 6 months
after an ACLR have not been compared to a healthy population. While maximal
quadriceps strength (MVIC) has consistently been found an important component in this
population, submaximal control at 20% MVIC is also critical to evaluate subcortical
control and limits the influence of acute pain on testing variables37, 114.
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Submaximal testing has not been investigated after ACLR and has not been
compared to a healthy population to date. Previous literature has suggested that
submaximal impairments are due to poor proprioceptive feedback, as they have been
associated with chronic conditions such as osteoarthritis 38, 58, 135. Submaximal testing
also limits the influence of acute anterior knee pain during Biodex strength testing.
Therefore, submaximal control may be a valuable and unique evaluation of muscular
control after ACLR, extending beyond maximal strength assessments.
Submaximal isometric testing at 20% maximum voluntary isometric contraction
(MVIC) is a way to evaluate proprioceptive feedback of the cortical and subcortical
regions of the brain to coordinate asynchronous firing of muscular motor units85, 141.
Quantifying submaximal rate of force development and steadiness identifies feedforward
and feedback elements of control respectfully. The rate of torque development identifies
the ability to preplan and correctly obtain a goal line through knee extension torque.
Steadiness quantifies the feedback loop of Ia and IIa afferent muscle spindle to the
brainstem, utilizing the visual feedback provided on a screen, to produce an appropriate
level of asynchronous firing of the motor units for a steady force120. This level of
neuromotor control is important after ACLR, as local impairments in submaximal control
could contribute to maladaptive movements with hip and ankle compensations, due to the
impaired control of the quadriceps.
Therefore, the purpose of this study is to compare peak torque as well as maximal
and submaximal force steadiness and rate of torque development among the limbs of
individuals 6 months after an ACLR and a healthy cohort. We hypothesized that maximal
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and submaximal testing of the involved limb will be worse than the healthy control
cohort or the uninjured limb.
Materials and Methods
The study protocol was approved by the University of Kentucky Institutional
Review Board and all participants provided written consent prior to participation.
Subjects under 18 provided written assent and a guardian signed the informed consent
prior to testing. Subjects after ACLR were participating in rehabilitation in community
outpatient clinics with exercise protocols, number of visits, and visit frequency decided
by the rehabilitation team of the therapist(s) and surgeon.
Subjects 12-40 years old were recruited from November 2018-January 2020
through a local orthopedic clinic as well as through flyers posted in the community and
shared electronically. Subjects after ACLR were in their sixth months post-operative
from a primary ACLR with no other ligamentous involvement and were free of any other
previous lower extremity injuries, surgeries, or conditions that would alter their gait. All
healthy subjects reported no lower extremity pain or any current or past lower extremity
injuries that would alter their gait.
Subjects sat in a Biodex System 4 dynamometer (Biodex Medical Systems Inc.)
as previously described by Spencer et al. and Kline et al. 66, 136, with hips and knees in 90
degrees of flexion. The maximal voluntary isometric contraction (MVIC) protocol
followed previously reported studies from the laboratory66, 136. Submaximal testing was
conducted similar to the maximal testing, with subjects positioned at 90 degrees of hip
and knee flexion with 5 repetitions of 5-second contraction followed by 30-seconds of
rest. Maximal testing was performed first to calculate the MVIC, followed by
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submaximal testing at 20% of subjects’ maximal torque output. For maximal testing, the
uninjured limb was tested first for the ACLR cohort. The first limb tested for the
submaximal testing and the healthy cohort’s maximal testing was randomized. A line was
placed on the screen and subjects were asked to practice matching the force output to the
20% MVIC line to ensure they understood the test. Subjects then performed five
submaximal repetitions, reaching the 20% MVIC line as quickly as possible, and keeping
the torque output as steady as possible for the rest of the repetition. Subjects had visual
feedback, seeing the 20% MVIC line as well as their own force output throughout the
trial. All data was filtered with a 4th order low-pass Butterworth filter at a cutoff
frequency of 24 Hz.
The maximal force calculations utilized the last 4 trials, allowing subjects 1
practice trial. The rate of torque development was calculated with the onset set at 10%
MVIC, due to subjects anticipating the maximal effort task. The rate of torque
development trial was set as the slope between 20 and 80% of the 20 milliseconds after
onset. Maximal steadiness was calculated as previously described by Spencer et al. using
the coefficient of variance from a best-fit second polynomial curve of the torque136.
Submaximal force calculations utilized the last 3 trials, allowing subjects 2
practice trials, as this testing has a greater learning effect. Rate of torque development
quantified the rate of initiation of force development, greater than 3% of the maximal
torque, to the time steadiness was held within 2 standard deviations of the 20% MVIC
line for 20 msec. Trials were excluded if subjects started producing force before the start
of the trial. Steadiness was calculated as the coefficient of variance between the second
and forth second of the trial to allow subjects 1 second to initiate the force. Trials were
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excluded if the subject did not reach 3 standard deviations of the 20% MVIC line prior to
2 seconds or if they stopped producing force mid-trial.
The trials were normalized to body weight and averaged. The a priori alpha level
was set at p<0.05. The limb symmetry index was calculated by dividing the peak torque
of the injured limb by the uninjured limb in the ACLR cohort and the lower peak torque
limb to the higher peak torque limb in the healthy cohort. An independent t-test compared
the limb symmetry index of the ACLR cohort to the healthy cohort. There were no
differences between the healthy limbs, so the left limb was chosen to compare to the
ACLR limbs. A one-way ANOVA with Bonferroni post hoc testing compared the ACLR
limbs and the left limb of the healthy cohort. All statistical analyses were conducted
using IBM SPSS Statistics version 26.0 (IBM, Corp., Armonk, NY, USA). Cohen’s d (d)
effect sizes were calculated to compare the ACLR limbs and the ACLR limbs to the left
healthy limb in order to provide clinical relevance of the findings. An effect size of 0.2 to
0.49 was considered small, 0.5 to 0.79 was considered medium/moderate, and greater
than 0.8 was considered large21.
Results
Fifty-one subjects after ACLR (21M/30F, 46 patellar tendon grafts/5 hamstring
grafts) and 49 healthy controls (25M/24F) performed Biodex testing. There was no
significant difference in age, height, or mass between the two cohorts (Table 6) and no
clinical significance in the Tegner Activity Scale, as the standard error of the
measurement is 0.413. Sex was explored as a potential independent variable, but since
there were no differences between males and females (p>0.05), it was not used in the
final model. All data were normally distributed. There was no difference between the

66

healthy limbs for any of the dependent measures (p>0.05), so the left limb was used in
the analysis for the comparison to the ACLR groups.
Comparing the ACLR group to a healthy control, the ACLR cohort displayed a
significantly lower limb symmetry index (p<0.001, d=1.56) than the healthy controls
(Table 6). The injured limb of the ACLR cohort had lower peak torque (p<0.001, d=1.02)
and lower rate of torque development (p<0.001, d=0.91), with no difference in the
maximal coefficient of variance (p=0.587, d=0.23) during maximal testing compared to
the healthy limb (Table 7). However, the ACLR cohort’s uninjured limb displayed higher
peak torque (p=0.005, d=0.61) and rate of torque development (p=0.002, d=0.63) than the
healthy controls, but no difference in the maximal coefficient of variance (p=0.441,
d=0.39, Table 8).
During submaximal testing, the ACLR involved limb had lower rate of torque
development (p=0.001, d=0.71) compared to the healthy limb, but there was no
difference between the uninvolved limb and the healthy cohort’s rate of torque
development (p=1.000, d=0.02), nor was there any difference between either of the
ACLR limbs compared to the healthy limb coefficient of variance (injured: p=0.057,
d=0.46, uninjured: p=1.000, d=0.18, Table 8).
Compared to the uninvolved limb, the involved limb displayed decreased peak
torque (p<0.001, d=1.37), and rate of torque development (Max: p<0.001, d=1.33,
Submax: p=0.001, d=0.66) with increased maximal coefficient of variance (Max:
p=0.018, d=0.49, Submax: p=0.370, d=0.29) (Table 7). All between-limb differences
displayed a moderate to large effect size (Table 8).
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Discussion
Six-months after ACLR, subjects continue to display significant impairments of
the involved limb during both maximal and submaximal tasks with moderate to large
effect sizes. Surprisingly, the uninvolved limb outperformed the healthy cohort during
maximal testing with no differences noted during submaximal testing. These findings
indicate that altered muscular control during maximal and submaximal tests may be
unilateral, supporting previous literature that neurological changes and muscle activation
after ACLR continue to be significantly impaired in the involved limb 6-months after
ACLR66.
Comparing our maximal strength findings to the healthy control group, we were
surprised to find that the ACLR uninjured limb had better control than the healthy cohort.
In our study, the uninvolved limb outperformed the healthy cohort in both peak torque
and rate of torque development. This finding is counter to Wellsandt et al. 154 who found
limb symmetry indices overestimated the strength of individuals after ACLR due to a
weaker uninvolved limb. A stronger uninvolved limb than the healthy control cohort
could potentially be due to a compensation to load the uninvolved quadriceps more
during double limb strengthening tasks144. Due to the differences in findings between our
study and Wellsandt et al, it is recommended that clinicians consider both limb symmetry
indices as well as a comparison to healthy controls when evaluating strength after ACLR.
Subjects after ACLR displayed lower rate of torque development during
submaximal isometric testing at 20% MVIC on the involved limb, with small to moderate
effect sizes compared to the healthy cohort, and large effect sizes compared to the
uninjured limb of the ACL cohort. The rate of torque development requires a feedforward
anticipation and correct amplitude of torque production in order to match the 20% MVIC
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line. This control integrates the subcortical regions of the brainstem and cerebellum with
afferent sensory input, such as input of the muscle spindles and Golgi tendon organs48, 72.
Interestingly, there was no difference in the submaximal steadiness of the groups,
meaning once the goal line was achieved, subjects after ACLR could maintain a steady
torque. Steadiness is controlled through a feedback integration of afferent sensory input
in conjunction with the brainstem, cerebellum, and basal ganglia to maintain a
coordinated asynchronous firing of the motor units to maintain a steady torque output72.
Therefore, subjects after ACLR display difficulty with dynamic but not static muscle
control at 20% MVIC. The absence of submaximal rate of torque development that
mirrors healthy controls likely contributes to altered mechanics of tasks such as walking
and stair navigation28, 47. Increased focus of local control of the quadriceps during
rehabilitation interventions may assist in the normalization of these measurements.
The findings of this study replicated and supported previous research that found
impaired maximal isometric knee extension strength and control impairments of the
involved limb compared to the uninvolved limb after ACLR66, 81, 119, 120, 136. We extended
these findings by identifying that submaximal strength and control is also impaired after
ACLR. The submaximal and maximal control asymmetries likely contribute to continued
movement abnormalities after ACLR. Poor submaximal control likely contributes to the
difficulty of individuals after ACLR to walk28, run136, or squat144 without impairments
noted in the involved limb. Previous authors have assumed these impairments are due to
a lack of strength. However, without quick initiation and control of the quadriceps, the
foundational muscle activation and control to perform these everyday activities are not
present.
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Limitations of this study include that subjects were not tracked over the course of
ACL rehabilitation and the rehabilitation was not controlled. Not controlling the
rehabilitation protocol allows for greater external validity of the findings, but it is
unknown if strengthening interventions can improve the rate of torque development and
steadiness. Future studies should investigate if rate of torque development and steadiness
improve over the course of rehabilitation. It would also be important to determine if
specific interventions improve the muscular response as well as the functional
implications of how an individual uses the quadriceps during rehabilitation.
Conclusion
In conclusion, assessments of maximal and submaximal torque identify
impairments of control after ACLR. Maximal force testing should continue to compare
limbs after ACLR since the injured limb outperformed the healthy matched control
cohort in our study. However, since our findings countered previous literature regarding
the strength of the uninjured limb compared to healthy controls, we recommend a healthy
control group is used for comparison prior to returning an individual to full activity.
Additionally, submaximal rate of torque development identified proprioceptive
impairments after ACLR. These impairments may contribute to poor control during
submaximal biomechanical movements that have previously been identified, such as
decreased knee extensor excursions during walking and squatting 28, 144.
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Table 6 Subject demographics. There was no difference in age, height, mass, or
Tegner between groups. The peak torque limb symmetry index (LSI) was higher for the
healthy cohort (p<0.01).
ACL

Healthy

Number of Subjects

51 (21M/30F)

49 (25M/24F)

Age

19±6 years old

20±6 years old

Height

1.7±0.1 meters

1.7±0.1 meters

Mass

69.2±13.2 kg

65.1±12.0 kg

Tegner

8.17±1.16

7.71±1.14

60.35±21.35%

95.70±14.10%

(Pre-injury Tegner for
ACL cohort)

Peak Torque LSI
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Table 7 Averages and standard deviations for peak torque, rate of torque development
(RTD) and coefficient of variance (COV) during maximal effort (Max) testing and RTD
and COV for submaximal effort (Submax) testing with differences bolded and italicized.
ACL-Inj

ACL-Non

Healthy

ANOVA

Peak Torque (Nm/kg)

1.72±0.65 2.86±0.64

2.54±0.68

p<0.001

RTD during Max Test (Nm/kg*s)

5.38±2.18 10.02±3.41 8.51±2.86

p<0.001

COV during Max Test

3.95±1.93 3.16±1.00

3.38±1.78

p=0.023

RTD during Submax Test (Nm/kg*s)

0.41±0.25 0.61±0.26

0.63±0.23

p<0.001

COV during Submax Test

0.05±0.02 0.04±0.02

0.04±.0.02 p=0.057
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Table 8 Effect sizes for the peak torque, rate of torque development (RTD) and
coefficient of variance (COV) for maximal (Max) and submaximal (Submax) effort
testing indicate the ACL-Inj side is weaker and has less control than the ACL-Non or
Healthy limbs with differences bolded and italicized.
ACL-Inj :
ACL-Non

ACL-Inj :
Healthy

ACL-Non :
Healthy

Peak Torque (effect sizes)

1.37 *

1.02 *

0.61 †

Peak Torque (post hoc tests)

p<0.001

p<0.001

p=0.005

Max Test RTD (effect sizes)

1.33 *

0.91 *

0.63 †

Max Test RTD (post hoc tests)

p<0.001

p<0.001

p=0.002

Max Test CoV (effect sizes)

0.68 †

0.23 #

0.39 #

Max Test CoV (post hoc tests)

p=0.018

p=0.587

p=0.441

Submax Test RTD (effect sizes)

0.49 *

0.71 †

0.02

Submax Test RTD (post hoc tests)

p=0.001

p=0.001

p=1.000

Submax Test CoV (effect sizes)

0.29 *

0.46 #

0.18

Submax Test CoV (post hoc tests)

p=0.370

p=0.057

p=1.000

# An effect size of 0.2 to 0.49 is considered small.
† An effect size of 0.5 to 0.79 is considered medium/moderate.
* An effect size of greater than or equal to 0.8 is considered large.
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CHAPTER 3:
Dynamic Stability After a Maximal Forward and Backward Hop 6-Months Post Anterior
Cruciate Ligament Reconstruction
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Abstract
Background: Of the 100,000 individuals who undergo anterior cruciate ligament
reconstructions (ACLR) annually in the United States, approximately 1 in 4 sustain a
second injury within two years. Postural control impairments are a significant risk factor
for a future injury as athletes return to sport. There is conflicting evidence regarding
dynamic stability early in ACLR rehabilitation. Determining whether individuals post
ACLR require an extended time to gain balance has critical implications for early
rehabilitation protocols.
Objectives: The purpose of this study is to evaluate dynamic stability during a forward
hop and a backward hop, evaluating the time to stabilization for each task and comparing
the injured and uninjured limb to a healthy control cohort.
Design: Case control design
Methods: 101 subjects (51 ACLR, 50 healthy) were recruited with all ACLR subjects in
their sixth month post-operatively. All subjects performed three successful hopping trials
for distance in the forward and backward direction. Anterior-posterior (AP), mediallateral (ML), and resultant vector (RV) time to stabilization (TTS) were calculated and
averaged. A one-way ANOVA with Bonferroni post hoc testing compared the ACLR
limbs and the left limb of the healthy cohort. A Cohen’s d (d) was used to calculate the
effect sizes between groups.
Results: In the forward direction, individuals after ACLR trended towards a
higher/longer ML TTS on the uninvolved limb (p=0.05) with no difference in the
involved limb (p=0.18) compared to healthy controls. Forward hop distance and time to
stabilization were not different between the ACLR and healthy limbs (p>0.05). In the
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backward direction, individuals after ACLR took longer to stabilize in AP TTS, ML TTS,
and RV TTS for both involved and uninvolved limbs (p<0.01). There were no differences
between limbs in the ACLR cohort in hop distance or TTS either in the forward or
backward direction (p>0.05).
Discussion: There are bilateral impairments in the ability of individuals to stabilize after
ACLR, as evidenced by the backward hop task. The inability to stabilize quickly from a
hop may place an individual after ACLR at a heightened risk for a future injury.
Conclusion: Dynamic stability is impaired bilaterally after ACLR, suggesting that
additional dynamic training should be implemented after ACLR.
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Dynamic Stability After a Maximal Forward and Backward Hop 6-Months Post ACLR
Introduction
Approximately 200,000 anterior cruciate ligament (ACL) injuries occur annually
in the United States, with a quarter of individuals experiencing a second injury within
two years 43. Biomechanical impairments have been associated with an increased risk of a
second injury 113, 156. However, functional testing outside of a 3-dimensional
biomechanics laboratory has been ineffective in determining when athletes are safe to
return to sport 4, 5. Postural control measures allow for testing outside of a biomechanics
laboratory, as a single force-plate is used for testing.
Postural control can be measured statically or dynamically, with individuals either
maintaining a position or moving onto a force plate. Static postural control is impaired
after an ACLR but improves over time 59, 77. Currently, there is limited evidence
regarding how well individuals maintain dynamic stability after ACLR 3. Dynamic
stability and control have been associated with risk of lower extremity injuries34, 59, 113, so
appear to be essential pieces to normalize in order to decrease the risk of future injury
after ACLR. One of the most applicable time-points to evaluate postural control is after
jogging and jump training has been initiated but before return to sport testing begins,
which is approximately 6-months after ACLR 1.
Time to stabilization (TTS) is a commonly utilized test for postural control,
evaluating how quickly someone balances after landing a task 34, 125, 126. Duprey et al.34
found that athletes who had a higher TTS were more likely to sustain an ACLR within
the next four years. Webster et al. 148 found that individuals years out of ACLR had a
higher resultant vector (RV) TTS. Both of these studies evaluated TTS using a standard

77

hop distance. However, 6-months after ACLR, a maximal hop distance is a commonly
used evaluation for determining appropriate control 14, 51, 67, 147. Hop distance alone is not
an adequate analysis of function following ACLR without analyzing how individuals
maintain control 51, 67. Time to stabilization upon landing a maximal hop test may provide
a greater understanding of how the dynamic control of individuals after ACLR differ
from healthy controls.
The purpose of this study is to evaluate distance hopped as well as TTS in
individuals after ACLR, compared to a healthy control cohort, during a maximal forward
hop and a backward hop. We hypothesized that individuals after ACLR would not hop as
far on their injured side as their uninjured side, or on either leg as far as the left limb of
the healthy cohort. We hypothesize that AP TTS, ML TTS, and RV TTS will be
increased in forward and backward hopping on the injured limb compared to the
uninjured limb of the ACLR cohort. Additionally, we hypothesize that the uninjured limb
will display higher TTS scores compared with the control group.
Materials and Methods
Individuals 12-40 years old were recruited as a sample of convenience, with all
subjects providing written consent of the Institutional Review Board approved protocol
prior to enrollment. Subjects after ACLR received rehabilitation in community clinics
with care managed by the rehabilitation team. Subjects after ACLR were in their sixth
month following a primary ACLR with no other ligamentous involvement and were free
of any other previous lower extremity injuries, surgeries, or conditions that would alter
their gait. All healthy subjects reported no lower extremity pain or any current or past
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lower extremity injuries that would alter their gait. The healthy cohort was attempted to
be matched to the ACLR cohort in age, sex, height, mass, and activity level.
Subjects were instructed to stand on one leg and hop as far as they could, landing
on a Bertec force plate (Bertec, Columbus, OH), and balancing for 5 seconds on the same
leg. They practiced until they reported feeling comfortable to start testing. Subjects chose
which leg they wanted to hop with first. All subjects performed three successful forward
hops on each leg and then three successful backward hops on each leg, hopping for
distance. Subjects balanced for 5 seconds after landing without moving the placement of
the foot in order for a trial to be considered successful. Force data were collected at 1200
Hz and were filtered at 10 Hz with a 4th order low pass Butterworth filter.
Trials started at initial contact with the force plate, when the vertical ground
reaction force exceeded a threshold of 10N. Forces in the anterior-posterior (AP) and
medial-lateral (ML) were collected, and a resultant vector (RV) was calculated as the
square root of the sum of squares of the AP and ML forces, previously described by
Webster et al.148. Data were rectified, and the decay curve aspect of a 3rd polynomial
curve was fit to the data 126, 148. Once the decay curve met a line set at three times the
standard deviation of the subject’s balanced sway at the end of the trial (Figure 7),
stabilization was reached. The time from initial contact to the point of stabilization was
recorded as the TTS for the trial 126. The TTS scores from the three trials were averaged,
with the forward hops and backward hops evaluated separately. There was no difference
between the healthy limbs, so the left limb was chosen for analysis. The a priori alpha
level was set at p<0.05. A one-way ANOVA with Bonferroni post hoc testing compared
the ACLR limbs to the left limb of the healthy control cohort. All statistical analyses
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were conducted using IBM SPSS Statistics version 26.0 (IBM, Corp., Armonk, NY,
USA). Cohen’s d (d) effect sizes were calculated to compare the ACLR limbs to the left
healthy limb in order to provide clinical relevance of the findings. An effect size of 0.2 to
0.49 was considered small, 0.5 to 0.79 was considered medium/moderate, and greater
than 0.8 was considered large21.
Results
Fifty-one subjects after ACLR (22M/29F, 46 patellar tendon grafts/5 hamstring
grafts) and 50 healthy controls (26M/24F) performed hop testing. There were no
differences between the ACLR and control cohort in height, mass, or activity level (Table
9). Sex was explored as an independent variable, but since there were no differences
between males and females, it was not used in the final model. There were no differences
between the limbs of the control group, so the left limb of the control cohort was used for
the 1-way ANOVA. One healthy subject was excluded from the forward hop analysis
because the foot position shifted upon landing, which was not identified during testing.
One ACLR subject’s backward time to stabilization could not be calculated due to an
inability to hold the backward landing for 5 seconds, so it was excluded from the
analysis.
In the forward hop direction, 51 ACLR and 49 healthy subjects successfully
performed the three hops. There was no difference in hop distance (INJ:0.86±0.01 m,
NON: 0.88±0.01 m, Healthy: 0.94±0.01 m, p=0.358) among the three limbs.
Additionally, there were no significant differences in AP or RV TTS among the groups
(p>0.05, Table 10). The ANOVA was significant in ML TTS (INJ:0.99±0.61 sec, NON:
1.05±0.79 sec, Healthy: 0.74±0.49 sec, p=0.043) with the post hoc analysis showing
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greater ML TTS (p=0.05) between the ACLR uninvolved limb and the healthy control
group (Table 11).
In the backward hop direction, 50 ACLR and 50 healthy subjects successfully
performed the three hops. There was no difference in backward hop distance among the
three groups (INJ:0.51±0.14 m, NON: 0.51±0.21 m, Healthy: 0.54±0.15 m, p=0.457).
The ANOVA was significant in the AP TTS (INJ:1.43±0.63 sec, NON: 1.49±0.66 sec,
Healthy: 1.08±0.43 sec, p=0.001), ML TTS (INJ: 1.69±1.30 sec, NON: 1.51±1.11 sec,
Healthy: 0.95±0.79 sec, p=0.005), and RV TTS (INJ:1.41±0.62 sec, NON: 1.48±0.66 sec,
Healthy: 1.06±0.43 sec, p=0.001). Identified through Bonferroni post hoc testing, the
ACLR injured limb had a significantly higher AP TTS (p=0.011), ML TTS (p=0.006),
and RV TTS (p=0.011) compared with the healthy controls. The uninjured limb also had
a significantly higher AP TTS (p=0.002), ML TTS (p=0.045), and RV TTS (p=0.001)
compared to the healthy controls. The time to stabilization findings in the backward
direction had a moderate effect size (Table 11).
Discussion
The purpose of this study was to evaluate dynamic stability upon landing a
backward hop and a forward hop in individuals after ACLR, and to compare their limbs
to a healthy control group. Subjects after ACLR did not show between-limb differences,
but displayed bilateral differences in dynamic stability upon landing a maximum distance
hop in the backward direction compared to the healthy controls.
The hop distances were not statistically different between the legs of the ACLR
cohort nor the ACLR cohort as compared to the healthy controls in either the forward or
backward direction. This finding runs counter to previous literature 42. Moreover, the
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ACLR group hopped an average of 8 centimeters shorter on the involved limb than those
of the healthy group, which is clinically meaningful as it was over the standard error of
the measurement 96, 97, 124. Furthermore, both groups hopped a much shorter distance in
the forward direction than previously reported, with studies reporting forward hop
distances that exceed 125 centimeters 42. The differences in hop distance between this
study and others may be due to the 5-second balance utilized in this assessment, which is
novel, as previous TTS literature used a standard distance 148. Additionally, there was no
marker for these subjects to see how far they hopped, limiting the motivation to hop
farther.
There was no significant difference in TTS between limbs of the ACLR cohort in
the forward or backward direction. These findings are similar finding to DuPrey et al.34
and Webster et al.148, who found no between-limb asymmetries, but group asymmetries
when comparing the group that sustained an ACLR to a healthy cohort. Since there was
no difference among groups in hop distance, it is unknown if the distance hopped
influenced the TTS upon landing. Both DuPrey et al. and Webster et al. required a
vertical hop of 15 centimeters or 50% of the maximal vertical jump height, which was not
part of our testing protocol. Potentially, standardizing the hop distance or including a
vertical jump may identify between-limb differences not observed in the current study.
Forward TTS was significantly different only in the ML direction with the
Bonferroni post hoc test identifying that the difference was between the uninjured limb of
the ACLR cohort and the healthy controls. The difference between the uninjured limb
and not the injured limb was surprising, but potentially identifies underlying risk factors
for ACL injuries, as the uninjured limb is at higher risk of a future injury after ACLR 149.
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Our cohort displays good limb symmetry in hop distance (limb symmetry index of
97.7%). Therefore, once limb symmetry and stabilization in the forward hop direction
normalize after ACLR 149, testing in the forward direction can be progressed to more
difficult tasks 36. For example, adding unanticipated movements, the addition of cognitive
dual-tasking, or by limiting visual input can make postural control and balance more
challenging 30. Since dynamic control in the forward direction appears to normalize at 6months, this training and testing may be appropriate to implement around 6-months
postoperatively.
In the backward direction, TTS was significantly higher (worse) in the ACLR
cohort than the healthy cohort with a moderate effect size. To our knowledge, the only
study to include backward hop testing was DuPrey et al., who found backward TTS
hopping over a hurdle identified individuals at high risk of a future ACL injury 34.
Therefore, perhaps a backward hop can aid as a rehabilitation assessment between the
sixth month after ACLR to whenever an athlete is preparing to return to sport. Very little
is known about the biomechanics of backward hopping, as it is not frequently used in
functional testing. Additionally, very few protocols recommend multi-directional training
that includes backward hopping, skipping, and running 23. The results reported here
suggest that training after ACLR should also include backward movements to aid
dynamic control training and, as a result, possibly reduce injuries due to a loss of balance.
This study was not without limitations. As the study focused on postural control
6-months after ACLR using maximal forward and backward hops, it cannot be
extrapolated to indicate readiness to return to sport. Additionally, rehabilitation was not
standardized, and it is unknown if clinicians were utilizing a time-based protocol or
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criterion-based protocol. Future work should incorporate a criterion-based protocol and
investigate if hop testing should be progressed as an athlete starts sport-specific training,
and if TTS can be used as a complementary assessment to dual-tasking and cognitive
training. Furthermore, additional studies should investigate if TTS can be used to detect
individuals at risk of a second ACLR since DuPrey et al. found that backward hop TTS
was indicative of primary ACL injuries 34.
Conclusion
In conclusion, individuals after ACLR do not display side-to-side impairments in
postural control, but they do show bilateral impairments when compared to a healthy
cohort. More significant discrepancies were found in backward hopping than in forward
hopping. Backward hopping may be a better evaluation of postural control after ACLR,
as it has been associated with a future ACL injury when evaluated in a healthy cohort34.
No significant differences were found in hop distances when individuals were asked to
stabilize and balance on one leg immediately upon landing. Time to stabilization may be
an appropriate option to evaluate postural control after ACLR in order to safely return
patients to sports.
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Table 9 There was no significant difference in age, height, mass, or Tegner Activity
Scale between groups.
ACL

Healthy

Number of Subjects

51 (22M/29F)

50 (26M/24F)

Age

19±6 years old

20±6 years old

Height

1.7±0.1 meters

1.7±0.1 meters

Mass

68.9±13.3 kg

65.6±12.4 kg

Tegner

8.18±1.16

7.73±1.13
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Table 10 Averages and standard deviations of hop distances and time to stabilization
(TTS) during for the injured limb (ACL-Inj), uninjured limb (ACL-Non), and the left
healthy limb (Healthy) display bilateral impairments which are bolded and italicized.
ACL-Inj

ACL-Non

Healthy

ANOVA

Forward Hop Distance

0.86±0.01 m

0.88±0.01 m

0.94±0.01 m

0.358

Forward AP-TTS

1.47±0.39 sec

1.44±0.36 sec

1.40±0.22 sec

0.594

Forward ML-TTS

0.99±0.61 sec

1.05±0.79 sec

0.74±0.49 sec

0.043

Forward RV-TTS

1.45±0.38 sec

1.42±0.35 sec

1.38±0.22 sec

0.569

Backward Hop Distance

0.51±0.14 m

0.51±0.21 m

0.54±0.15 m

0.457

Backward AP-TTS

1.43±0.63 sec

1.49±0.66 sec

1.08±0.43 sec

0.001

Backward ML-TTS

1.69±1.30 sec

1.51±1.11 sec

0.95±0.79 sec

0.005

Backward RV-TTS

1.41±0.62 sec

1.48±0.66 sec

1.06±0.43 sec

0.001
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Table 11 Both the injured (ACL-Inj) and uninjured limb (ACL-Non) of the ACL cohort
display less control than healthy controls (Healthy) in anterior-posterior (AP), mediallateral (ML), and resultant vector (RV) time to stabilization (TTS) which are bolded and
italicized.
ACL-Inj :
ACL-Non

ACL-Inj :
Healthy

ACL-Non :
Healthy

Forward Hop Distance (effect sizes)

0.07

0.28 #

0.20 #

Forward Hop Distance (post hoc tests)

1.000

0.502

0.903

Forward AP-TTS (effect sizes)

0.07

0.21 #

0.14

Forward AP-TTS (post hoc tests)

1.000

0.938

1.000

Forward ML-TTS (effect sizes)

0.09

0.44 #

0.46 #

Forward ML-TTS (post hoc tests)

1.000

0.178

0.051

Forward RV-TTS (effect sizes)

0.07

0.22 #

0.15

Forward RV-TTS (post hoc tests)

1.000

0.885

1.000

Backward Hop Distance (effect sizes)

0.01

0.26 #

0.21 #

Backward Hop Distance (post hoc tests)

1.000

0.876

0.797

Backward AP-TTS (effect sizes)

0.10

0.61 †

0.69 †

Backward AP-TTS (post hoc tests)

1.000

0.011

0.002

Backward ML-TTS (effect sizes)

0.15

0.65 †

0.55 †

Backward ML-TTS (post hoc tests)

1.000

0.006

0.045

Backward RV-TTS (effect sizes)

0.11

0.62 †

0.71 †

Backward RV-TTS (post hoc tests)

1.000

0.011

0.001

# An effect size of 0.2 to 0.49 is considered small.
† An effect size of 0.5 to 0.79 is considered medium/moderate.
* An effect size of greater than or equal to 0.8 is considered large.
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Figure 7 Time to stabilization (TTS) is the time from initial contact to when the subject
is stabilized. A decay curve aspect of a 3rd polynomial curve was fit to the data (blue
line). Stabilization was when the decay curve met a line set at three times the standard
deviation of the balanced sway (green line).
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CHAPTER 4:
Long Latency Responses During a Backward Loss of Balance 6-Months After an ACL
Reconstruction
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Abstract
Background: Poor reactive control during an unanticipated perturbation is a risk factor
of secondary injuries after anterior cruciate ligament reconstruction (ACLR). The delay
in muscle activation likely contributes to poor biomechanical positioning and a lack of
dynamic protection of the ACL. The push-and-release test, used as part of neurological
testing, is one way to induce a reactive postural response, causing a loss of balance in a
controlled environment. Long latency responses can quantify the timing of muscular
activity countering the disturbance in balance equilibrium.
Objectives: The purpose of this study is to evaluate the long latency response of the
major lower extremity muscles around the knee (i.e., the vastus lateralis and biceps
femoris) using a backward push-and-release test, comparing both the injured and
uninjured limb to a healthy control cohort.
Design: Case control design
Methods: 93 subjects (46 ACLR, 47 healthy) were recruited with all ACLR subjects
tested in their sixth month after surgery. Subjects were fitted with Delsys Bagnoli (Natick
MA, USA) surface electrodes, placed at the vastus lateralis and biceps femoris bilaterally.
Electrodes were also placed at the tibialis anterior and medial gastrocnemius to identify
movement compensations. All subjects underwent five push-and-release trials where they
had to regain their balance by taking a step. The long latency response of each muscle
was calculated, and the trials were averaged. There were no differences between limbs in
the healthy subjects, so a one-way ANOVA with Bonferroni post hoc testing compared
the ACLR limbs and the left limb of the healthy cohort. A Cohen’s d (d) was used to
calculate the effect sizes between groups. A Chi-squared test determined differences
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between groups in the number of subjects who demonstrated a reactive response and
those who demonstrated an anticipatory response.
Results: There were no differences among the ACLR limbs and the uninjured limb in the
long latency responses for the vastus lateralis or biceps femoris of the full data set
(p>0.05). However, the temporal latency, or sequence of muscle activation, was altered
from that reported in previous literature in 52% of the subjects, with a greater number of
healthy subjects meeting this criterion in a single leg (χ2=10.04, p=0.01). Altered
temporal latency in these subjects in both the healthy and ACLR groups is likely due to
anticipatory stepping, rather than reactive, in response to the push and release test. There
were no differences in the long latency responses for the vastus lateralis or biceps femoris
among the ACLR injured limb, uninjured limb, or the healthy cohort’s left limb in the
subgroup with a temporal latency of the musculature identifying a reactive response to
the push-and-release test (p>0.05).
Discussion: There were no differences in long latency responses among the ACLR and
healthy limbs among those subjects that performed the test correctly, with a reactionary
step to regain balance. Approximately half of the ACLR and healthy subjects performed
anticipatory stepping instead of reactive stepping, suggesting that the test was not
performed correctly. This may be due to the athletic training of this population. The pushand-release test may require the tester to impose additional variability in perturbations,
amplitudes, or distractions of the subjects’ focus when testing an athletic population.
Conclusion: For the subjects who performed the test with a reactionary step, there was
no difference in the long latency response between healthy subjects and ACLR subjects
6-months post-operatively. However, since approximately half of the subjects responded
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with an anticipatory step instead of a reactive step, reactive balance assessments for
athletes, including those 6-months post ACLR, likely need to be more variable in the
direction and amplitude of the perturbation. Since athletes are trained to anticipate
changes to their balance equilibrium, testing the long latency response may yield more
reliable results if the subjects are pushed in an unknown direction, distracted during the
perturbation, or given a movement task that requires an unanticipated step.
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Long Latency Responses During a Backward Loss of Balance 6-Months after an ACL
Reconstruction
Introduction
In the United States, out of the approximately 100,000 people recovering from
ACL reconstruction annually, 1 in 4 will sustain a second injury within two years43, 110.
Slowed reactive control is thought to contribute not only to the initial injury but also to
the high rate of subsequent injuries4. Slowed muscular activation likely results in
dynamic instability of the knee107. While reactive control is often tested through jumping
and cutting tasks at the time of return to sport or years after ACLR6, 100, a reactive
controltest that can be used earlier in rehabilitation is needed36.
Testing reactive control before an individual is nine months after their ACLR can
place the individual at risk of sustaining another injury during the assessment4. However,
it is necessary to test reactive control after an ACLR, especially since even healthy
athletes display altered movement152 in unanticipated versus anticipated tasks. Poor
control during unanticipated tasks has also been associated with altered loading and
stability following ACLR100. Therefore, a non-plyometric closed kinetic chain evaluation
of unanticipated dynamic control may aid in the functional assessment of reactive control
post ACLR131. Early identification of individuals who do poorly with reactive control can
aid rehabilitation specialists in designing therapy interventions4.
Reactive control is utilized in the evaluation of neurological disorders such as
Parkinson’s disease and multiple sclerosis134. Tests such as the push-test and the pushand-release test have been used to aid in medication dosing and to identify individuals at
high risk of falling146. While individuals after ACLR are not at a risk of falling like
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individuals with Parkinson’s disease or multiple sclerosis, the inability to maintain
control during a reactive task in the ACLR group is often when a second anterior cruciate
ligament injury occurs27. Therefore, the reactive testing commonly used in neurological
evaluations may aid in the functional assessment of individuals after ACLR4, 5.
A reactive test that has been modified slightly over the years is the push (or pull)
test35, 62, 103, 115, 139, 140, 146. Individuals are either pushed or pulled in a forward or backward
direction and are required to maintain balance103, 146. The use of the push test inspired the
creation of the push-and-release test, which has excellent between-test correlations and
validity in individuals with multiple sclerosis35, 62, 134, 146. The push-and-release test begins
with a leaning individual supported by a clinician (Figure 8), with the center of mass just
outside of the base-of-support35, 62. The subject is released and must regain their balance
by taking a step. Step length35, 134, number of steps146, and postural response latency134
have been calculated using this test. However, this test has not been used in an athletic
population.
The reaction to balance can be separated into three postural response loops, the
short (M1), long (M2), and voluntary (M3) loops61. The M1 loop is a spinal reflex loop
61

, measured through the H-reflex. While the H-reflex is slowed after ACLR, it

normalizes between 4 and 6 months postoperatively26, 48, 56, 116, 123. The M2 loop is the
medium or long latency response 61, and this has been measured in individuals after
ACLR once they returned to sport using a single-leg squat task84. A voluntary response
(M3) involves the most cortical involvement and occurs when individuals step or move to
regain control61; it has not directly been measured after ACLR. As the long latency
response (or M2 loop) is primarily a response to a loss of balance61, it would be an
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appropriate measurement to quantify the postural response of subjects losing their
balance. Furthermore, there is an expected temporal relationship in the muscle activation
sequence during a backward loss of balance 57, allowing for the identification of subjects
who do not complete the test correctly.
The purpose of this study is to evaluate the long latency response of the major
muscles in the leg that surround the knee (the vastus lateralis and biceps femoris) during
an unanticipated loss of balance, using the push-and-release test. We hypothesized that
subjects after ACLR would demonstrate a slower (longer) long latency response of the
vastus lateralis and biceps femoris on the involved side after ACLR, and that both limbs
of the ACLR subjects would be slower (longer) than limbs in the healthy control subjects.
Materials and Methods
Individuals 12-40 years old were recruited as a sample of convenience, with all
subjects providing written consent of the Institutional Review Board approved protocol
prior to enrollment. Subjects after ACLR received rehabilitation in community clinics
with care managed by the rehabilitation team. The ACLR cohort was in their sixth month
following a primary ACLR with no other ligamentous involvement. The healthy cohort
was matched to the ACLR cohort in age, sex, height, weight, and activity level. Both
groups were free of any previous lower extremity injuries, surgeries, or conditions that
would alter their gait, other than the ACLR.
Subjects were fitted with 8 electromyographic electrodes prior to testing. Each
Bagnoli Ag/AgCl surface electrode sensor was 10.0 x 1.0 mm with contact spacing of 10
mm. Subjects’ limbs were shaved, abraded, and cleaned using an alcohol swab with
electrodes aligned with the muscle fibers. In accordance with SENIAM guidelines, the
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vastus lateralis electrode was placed two-thirds the distance from the anterior superior
iliac spine to the lateral border of the patella128. The biceps femoris electrode was placed
halfway between the ischial tuberosity and lateral epicondyle of the tibia128. The medial
gastrocnemius electrode was placed on the most prominent bulge of the muscle, and the
tibialis anterior electrode was placed one-third of the distance between the fibular head
and medial malleolus128. A single differential amplifier was used, set at 1000-gain with
input impedance of >1015 Ω//0.2pF, common mode rejection ratio of -92dB, and signalto-noise ratio of 1.2 uV. The EMG was sampled at a rate of 2000 Hz, exported into
Visual 3D, and processed in Matlab.
A single researcher performed all push-and-release trials. Subjects were passively
leaned approximately 10 degrees in the backward direction of the trial, so their center of
mass was just outside their base of support62, with the angle of movement originating
from the ankles (Figure 8). After a randomized amount of time, the subjects were
released and forced to regain their balance by taking a step. There was one familiarization
trial and five test trials where subjects were released. The five test trials where subjects
were released were intermixed with non-release trials to limit anticipation.
The long latency response of each of the muscles was calculated using Visual 3D
and a custom Matlab code. EMG signals were filtered with a bandpass Butterworth filter
set between 20 Hz and 1 kHz. The trials were cut to 2500 ms before the perturbation and
2000 ms after the subject stepped to regain their balance. The data points were then
smoothed using a root-mean-square technique with a moving average of 25 ms. The M2
(long latency) wave was identified as muscle activity three times the resting standard
deviation of the resting muscle activity prior to perturbation. The M2 wave had to occur
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between the time window of 80 and 200 ms after perturbation. The long latency response
was the time between the perturbation and the M2 wave (Figure 8). Trials were checked
for consistency and averaged. The entire data set was used for comparison among the
limbs of the ACLR cohort and healthy control limb. In addition, the data was separated
so that only the subjects in each cohort who demonstrated the temporal relationship
similar to what has been reported in previous literature 57 were use in a subset analysis.
The a priori alpha level was set at p<0.05. There were no differences between the
right and left healthy limb, so the left limb was used for the analysis for the full data set.
For the secondary analysis, right and left were disregarded so that each healthy subject
who displayed the proper temporal relationship on one limb was used. A one-way
ANOVA compared the full data set of the ACLR injured, ACLR uninjured, and the
healthy left limbs with Bonferroni post hoc testing. A Chi-squared (χ2) test determined if
there were differences between groups in the number of subjects who demonstrated a
reactive response and those who demonstrated an anticipatory response, with each group
identified by their muscular temporal relationship. The one-way ANOVA was re-run with
only the subjects who displayed a reactive response for the majority of trials. All
statistical analyses were conducted using IBM SPSS Statistics version 26.0 (IBM, Corp.,
Armonk, NY, USA). A Cohen’s d (d) effect size was calculated to provide clinical
relevance to the differences noted. An effect size of 0.2 to 0.49 was considered small, 0.5
to 0.79 was considered medium/moderate, and greater than 0.8 was considered large21.
Results
Forty-six subjects after ACLR (19M/27F, 41 patellar tendon grafts/5 hamstring
grafts) and 47 healthy controls (24M/23F) performed the push-and-release test. There
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was no significant difference between the cohorts’ height, weight, age, or Tegner activity
score (Table 12). Sex was explored as an independent variable, but since there were no
differences in the long latency responses between males and females, it was not used in
the final model. There was no difference in the long latency response of the vastus
lateralis (ACLR Injured: 93.1±12.0 ms, ACLR Uninjured: 95.6±13.5 ms, Healthy:
93.6±8.9 ms) or the biceps femoris (ACLR Injured: 98.3±12.2 ms, ACLR Uninjured:
94.5±10.8 ms, Healthy: 91.9±10.1 ms, p=0.09) among the three groups (Table 13). There
was a moderate effect size between the injured and healthy biceps femoris (d=0.56, Table
14). However, this difference did not meet the standard error of the measurement,
identified by Shultz et al. as 7.6 ms132. There were significantly more healthy subjects
with a limb displaying the proper temporal relationship than the number of proper
temporal relationships in the ACLR injured or uninjured limbs (χ2=10.04, p=0.01). For the
52% of subjects who had the correct temporal relationship of the musculature that
matched previous literature, with the tibialis anterior activating before the vastus lateralis,
the vastus lateralis before the biceps femoris, and the medial gastrocnemius before the
biceps femoris (Figure 8), there were no differences between the long latency response of
the vastus lateralis or biceps femoris among the ACLR injured, ACLR uninjured, and
healthy limbs (p>0.05, Table 15).
Discussion
This study investigated the long latency response of the lower extremity
musculature in ACLR subjects after a loss of balance in the backward direction. Analysis
of the data collected from ACLR injured limbs, ACLR uninjured limbs, and healthy
limbs found no differences in the long latency response among groups. However, only
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52% of the subjects displayed the correct temporal relationship that matched previous
literature (Figure 8). This is likely due to subjects anticipating taking a backward step
instead of attempting to regain their balance by activating the anterior musculature before
taking a reactive step. While anticipatory stepping is a method to regain balance57, it
negates the purpose of the push-and-release test to assess the long latency response. This
incorrect response is likely due to the anticipatory training of athletes to quickly start and
pre-plan movements when responding to a whistle, countering an opponent’s movements,
or foreseeing that they will be off-balance following contact with another player. The
importance of anticipatory training in athletes has been identified in concussion testing 83,
and may also relate to our findings in healthy athletes and athletes after ACLR. In this
study we found no differences in long latency responses 6 months after ACLR between
limbs or when compared to a healthy cohort. Because of the anticipatory reaction in
trained athletes, the push-and-release test may not be the best reactive balance test for this
population.
Our findings regarding the long latency response after ACLR contrasts with
previous literature. Again, this may be due to our population of subjects, trained athletes,
anticipating the loss of balance rather than reacting to it. To test the long latency
response, Madhavan et al.84 and Shultz et al.132 used a knee-specific perturbation, and the
individual either squatted or moved into a squatting position while a mechanical
perturbation was provided. One strength of the approach of Madhavan et al.84 and Shultz
et al.132 is that the perturbation for the long latency response was in more than one
direction, decreasing subjects’ abilities to anticipate the perturbation.
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As we found no differences in the long latency response among ACLR limbs and
healthy limbs, both using the entire data set or when analyzing the reactive step only, it
appears that the long latency response may normalize before 6 months after ACLR.
Previous studies have tested unanticipated jumping3, hopping14, and cutting20 in
individuals at least 6 months from ACLR, but these tests are not safe to perform early in
rehabilitation as they can introduce additional injury. One option for early reactive
balance testing is to use the push test instead of the push-and-release test. Other options
include a movement task such as unanticipated stepping 152 or dual tasking, like where
Gokeler et al. 41 had subjects perform a step down while dual tasking through a virtual
reality environment.
As only half of the subjects in this study displayed a temporal relationship of the
musculature activation sequence in agreement with previously reported literature, the
push-and-release test may be a more accurate assessment of the long latency response
with modifications from our methods. Documenting reactive stepping instead of
anticipatory stepping should improve if the temporal relationships of the musculature are
identified at the time of testing and if the direction of the perturbation is randomized.
Conclusion
We found no difference in the long latency response 6 months after ACLR.
However, only 52% of subjects had what is considered a normal temporal relationship of
the musculature, meaning 48% of the subjects displayed anticipated stepping instead of
undergoing the reactionary balance element of the test. This may be due to the fact that
the subjects practiced the task beforehand and also knew which direction in which they
were going to fall. The study provides a foundation for future research to expand upon, as
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the push-and-release test may need modifications to better serve clinicians testing
reactive balance for athletes or individuals returning to athletics.

Copyright © Kathryn Caroline Hickey Lucas 2020
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Table 12 There was no difference between groups in subject demographics, including
age, height, mass, or Tegner Activity Scale.
ACL

Healthy

Number of Subjects

46 (19M/27F)

47 (24M/23F)

Age

19±6 years old

20±6 years old

Height

1.7±0.1 meters

1.7±0.1 meters

Mass

68.8±12.9 kg

66.1±12.5 kg

Tegner

8.15±1.18

7.79±1.16
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Table 13 The averages and standard deviations of the long latency responses (LLR) for
the injured limb (ACL-Inj) and uninjured limb (ACL-Non) of the ACL cohort and the left
healthy limb (Healthy) of the healthy cohort indicate an abnormal temporal relationship.
ACL-Inj
LLR (ms)

ACL-Non
LLR (ms)

Healthy
LLR (ms)

ANOVA

Vastus Lateralis

93.1±12.0

95.6±13.5

93.6±8.9

0.27

Biceps Femoris

98.3±12.2

94.5±10.8

91.9±10.1

0.09

Medial Gastrocnemius

97.0±13.4

97.9±13.5

92.4±9.8

0.12

Tibialis Anterior

90.6±7.1

92.8±11.1

91.8±11.1

0.22
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Table 14 Individuals after ACLR display small to moderate effect sizes for the long
latency response for the vastus lateralis and biceps femoris for the injured (ACL-Inj) and
uninjured (ACL-Non) limb of the ACL cohort and the left healthy limb (Healthy) of the
full data set.
ACL-Inj : ACLNon

ACL-Inj :
Healthy

ACL-Non :
Healthy

Vastus Lateralis (effect sizes)

0.19

0.04

0.18

Vastus Lateralis (post hoc tests)

1.00

1.00

1.00

Biceps Femoris (effect sizes)

0.32 #

0.56 †

0.27

Biceps Femoris (post hoc tests)

0.31

0.09

1.00

# An effect size of 0.2 to 0.49 is considered small.
† An effect size of 0.5 to 0.79 is considered medium/moderate.
* An effect size of greater than or equal to 0.8 is considered large.
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Table 15 For trials where the temporal relationship was correct (the tibialis anterior
long latency responses occurred before the medial gastrocnemius), there were no
differences in long latency responses and no differences in the number of subjects in each
group.
ACL-Inj LLR
(ms)

ACL-Non LLR Healthy LLR
(ms)
(ms)

Number of Subjects

18

21

33

Vastus Lateralis

91.6±1.8

93.9±2.0

95.7±2.4

0.75

Biceps Femoris

97.0±1.8

93.2±1.6

91.9±1.5

0.97

Medial Gastrocnemius

95.3±2.0

96.0±2.0

92.4±1.6

0.07

Tibialis Anterior

89.3±1.1

91.4±1.7

93.8±1.6

0.76
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ANOVA

A.

B.
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Figure 8 (A) Subjects are passively leaned backward 10 degrees, so that their hips and shoulders were behind their heels, identified
in red lines, and their center of mass was just outside their base of support61. (B) Data processing identified when subjects were
released and the perturbation was marked, identified as the teal line, and the long latency response was calculated and labeled, the pink
line.

A.

B.

C.

Figure 9 (A) There were no differences in the long latency response when all trials
were evaluated together (p>0.05). (B) Approximately half (52%) of the subjects had the
correct temporal relationship of the reactive musculature with no differences between
groups ( χ2=10.04, p=0.01). (C) There were no differences in the long latency response
when comparing only the trials with the correct temporal relationship (p>0.05).
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CHAPTER 5:
Impairments in Postural Control After Anterior Cruciate Ligament Reconstruction
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Abstract
Background: Poor postural control is a risk factor for future anterior cruciate ligament
(ACL) injuries, especially for individuals who have already undergone an ACL
reconstruction (ACLR). Knee extensor control, the ability to quickly stabilize a dynamic
movement, and a short long latency response during a loss of balance may contribute to
improved postural control and balance, which can be measured in center of pressure jerk.
Objective: The purpose of this study is to 1) assess if individuals after ACLR display
different center of pressure jerk than healthy controls and 2) evaluate the impact knee
extensor rate of torque development, knee extensor steadiness, time to stabilization, and
long latency response have on center of pressure jerk in individuals after ACLR.
Design: Controlled-laboratory design
Methods: 79 subjects (38 ACLR, 41 healthy) were recruited as a sample of convenience
with all ACLR subjects tested 6 months after their surgery. Maximal and submaximal
strength testing were performed on a Biodex System 4 dynamometer (Shirley NY, USA)
with hips and knees in 90 degrees of flexion. Anterior-posterior (AP), medial-lateral
(ML), and resultant vector (RV) time to stabilization (TTS) were calculated during
forward and backward hopping trials for distance. The long latency response was
calculated using Delsys Bagnoli (Natick MA, USA) surface electrodes during the pushand-release test. Subjects had to regain their balance by taking a step, and the long
latency response of the vastus lateralis and biceps femoris muscles were calculated.
Center of pressure force was collected during maximal hops for distance in both the
forward and backward direction, and the third derivative was taken for center of pressure
jerk.
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Results: Subjects after ACLR had higher center of pressure jerk than the healthy
controls, with post hoc analysis indicating the injured limb was higher (less smooth) in
the forward direction (p=0.01) and the uninjured limb was higher in the backward
direction (p=0.02). After ACLR, there are poor associations (|r|<0.03, p>0.05) between
center of pressure jerk and submaximal rate of torque development, coefficient of
variance, and the long latency response of the biceps femoris. In the backward hop
direction of the involved limb, there was a fair association between center of pressure
jerk and the vastus lateralis long latency response (r=-0.373, p=0.01). There were fair
associations between time to stabilization and center of pressure jerk (|r|=0.30 to 0.59,
p<0.05) in all tasks except for the medial-lateral time to stabilization of the involved limb
during a forward hop (p=0.08).
Discussion: Postural stability is impaired after ACLR and time to stabilization best
correlates with center of pressure jerk. Both time to stabilization and center of pressure
jerk are distal measures of postural control and balance. Potentially, a more proximal
measure may relate to all lower extremity postural stability measures.
Conclusion: Center of pressure jerk is impaired after ACLR and fairly related to other
evaluations of postural control. Instead of a single test, a battery of tests after ACLR
should be considered, based on the prediction of mitigating risk of future injury post
ACLR. The battery of tests should include center of pressure and stability measures, as
well as strength and local control of the knee extensors.
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Impairments in Postural Control After Anterior Cruciate Ligament Reconstruction
Introduction
Out of the approximately 100,000 anterior cruciate ligament reconstructions
(ACLR) that occur in the United States annually43, 1 in 4 will sustain another anterior
cruciate ligament (ACL) injury within two years111. The mechanism of an ACL injury is
thought to be due to poor biomechanical positioning coupled with poor response to an
unexpected change in balance55, 111. An important element to evaluate after an ACLR is
how measurements of control relate to postural stability, including local control of the
quadriceps, postural response, and balance during a functional task 59, 69, 70, 77, 78.
Dynamic postural control is a combination of local muscular control, cortical
control, and control from the trunk and lower extremities59, 78. Decreased maximal rate of
torque development has been associated with altered movements during stepping down
and hopping after ACLR81. Increased long latency responses with greater knee velocity
and overshooting during a perturbation have been identified in individuals after ACLR
compared to healthy controls84. Increased time to stabilization has been reported in
individuals after ACLR148 and has been associated with future injury in a healthy
cohort34. Each of these elements quantifies postural control impairments independently
but has not been integrated in how each contributes to the ability to smoothly control the
landing of a hop, quantified through center of pressure jerk.
Center of pressure jerk, or sway smoothness, is the measurement of the change in
acceleration over time during a task17, 86. Center of pressure jerk is higher in older adults
with cognitive impairments86; and increased center of pressure jerk is an early marker for
neurological conditions such as Parkinson’s disease17 and increased risk of falls among
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older adults50. Center of pressure jerk can be measured dynamically during tasks such as
walking32, or stopping a movement such as a step31 or a hop.
The forward hop is the most frequently tested variable after ACLR in determining
when an athlete is ready to progress to sport-specific activities82, 153. However, it has not
been a good test for predicting who is at greatest risk of reinjury82, 153. Dingenen et al.31
tested the center of pressure displacement in healthy individuals the first 3 seconds of
transitioning from double leg to single and was able to predict future lower extremity
injuries, including ACL injuries. Therefore, evaluating the center of pressure control of
the first three seconds upon landing a maximal hop may identify poor control (higher
jerk) and relate to the other measurable factors that likely contribute to postural stability.
To our knowledge, center of pressure jerk has not been measured after ACLR and has not
been compared to healthy controls, and it is currently unknown how torque steadiness,
time to stabilization, and long latency response relates to center of pressure jerk.
Therefore, the purpose of this study was to determine if there are differences in
center of pressure jerk among the ACLR limbs and a healthy control limb, and evaluate
the impact submaximal stability, time to stabilization, and the long latency response have
on center of pressure jerk during a forward and backward hop in the ACLR cohort.
Materials and Methods
Individuals 12-40 years old were recruited as a sample of convenience, with all
subjects providing written consent of the Institutional Review Board approved protocol
prior to enrollment. Subjects after ACLR received rehabilitation in community clinics
with care managed by the rehabilitation team. The ACLR cohort was 6-months from a
primary ACLR with no other ligamentous involvement, and the healthy cohort was
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attempted to be matched to the ACLR cohort in age, sex, height, weight, and activity
level. Both groups were free of any previous lower extremity injuries, surgeries, or
conditions that would alter their gait. Subjects performed a Biodex test as well as a
biomechanical motion analysis assessment. Measurements included submaximal
steadiness (Submax COV), submaximal rate of torque development (Submax RTD), time
to stabilization (TTS), long latency response (LLR), and center of pressure jerk (COP
jerk). Both limbs were evaluated in each group, but since there were no differences
between the healthy limbs, only the left limb was used in the statistical analysis.
Biodex Test
For the Biodex test, subjects sat in a Biodex System 4 dynamometer (Biodex
Medical Systems Inc.) with hips and knees in 90 degrees of flexion66, 136. The maximal
voluntary isometric contraction (MVIC) protocol followed previously reported studies
from the laboratory66, 136 followed by submaximal testing at 20% of a subject’s maximal
torque output, with 5 repetitions of 5-second contraction followed by 30-seconds of rest.
For maximal testing, the uninvolved limb was tested first, but for submaximal testing, the
limb order was randomized. Subjects performed five submaximal repetitions, reaching
the 20% MVIC line as quickly as possible and keeping the torque output as steady as
possible for the rest of the repetition. All data were filtered with a 4th order low-pass
Butterworth filter at a cutoff frequency of 24 Hz. Submaximal force calculations utilized
the last 3 trials, allowing subjects 2 practice trials. Rate of torque development quantified
the rate of initiation of force development, greater than 3% of the maximal torque, to the
time steadiness was held within 2 standard deviations of the 20% MVIC line for 20 msec.
Steadiness was calculated as the coefficient of variance between the second and forth
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second of the trial to allow subjects 1 second to initiate the force. Trials were excluded if
the subject did not reach 3 standard deviations of the 20% MVIC line prior to 2 seconds
or if they stopped producing force mid-trial. The trials were normalized to body weight
and averaged.
Time to Stabilization
Subjects were instructed to stand on one leg and hop as far as they could, landing
on a Bertec force plate (Bertec, Columbus, OH), and then balancing for 5 seconds on the
same leg. They practiced until they reported feeling comfortable to begin testing. Limb
order for testing was chosen by the subjects. All subjects were required to perform three
successful forward hops and three successful backward hops for distance. For a trial to be
considered successful, subjects balanced for 5 seconds without moving the placement of
the foot. Force data were collected at 1200 Hz and were filtered at 10 Hz with a 4th order
low pass Butterworth filter. Trials started at initial contact, when the vertical force
exceeded a threshold of 10N. Forces in the anterior-posterior (AP) and medial-lateral
(ML) directions were collected, and a resultant vector (RV) was calculated as the square
root of the sum of squares of the AP and ML forces, as previously described by Webster
et al.148. Data were rectified, and the decay curve aspect of a 3rd polynomial curve was fit
to the data 126, 148. Once the decay curve met a line set at three times the standard
deviation of the subject’s balanced sway at the end of the trial, the subject was stabilized.
The time from initial contact to the point of stabilization was recorded as the TTS for the
trial 126. TTS for the subjects were averaged, with the forward hops and backward hops
analyzed separately.

114

Long Latency Response
Subjects were fitted with 8 electromyographic electrodes. Each Bagnoli Ag/AgCl
surface electrode sensor was 10.0 x 1.0 mm with contact spacing of 10 mm. Subjects’
limbs were shaved, abraded, and cleaned using an alcohol swab with electrodes aligned
with the muscle fibers. In accordance with SENIAM guidelines, the vastus lateralis
electrode was placed two-thirds the distance from the anterior superior iliac spine to the
lateral border of the patella128. The biceps femoris electrode was placed halfway between
the ischial tuberosity and lateral epicondyle of the tibia128. A single differential amplifier
was used, set at 1000-gain with input impedance of >1015 Ω//0.2pF, common mode
rejection ratio of -92dB, and signal-to-noise ratio of 1.2 uV. The EMG was sampled at a
rate of 2000 Hz, exported into Visual 3D, and processed in Matlab.
A single researcher performed all push-and-release trials. Subjects were leaned
approximately 10 degrees in the backward direction, so their center of pressure was just
outside their base of support62, with the movement originating from the ankles. After a
randomized amount of time, subjects were released to regain their balance by taking a
step. There was one familiarization trial and five trials where subjects were released. The
five test trials were subjects were released were intermixed with non-release trials to limit
anticipation.
The long latency response of each of the muscles was calculated through Visual
3D and a custom Matlab code. EMG signals were filtered with a bandpass Butterworth
filter set between 20 Hz and 1 kHz. The trials were cut to 2500 ms before the perturbation
and 2000 ms after the subject stepped to regain their balance. The data points were then
smoothed using a root-mean-square technique with a moving average of 25 ms. The M2
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(long latency) wave was identified as muscle activity three times the resting standard
deviation of the resting muscle activity prior to perturbation. The M2 wave had to occur
between the time window of 80 and 200 ms after perturbation. The long latency response
was the time between the perturbation and the M2 wave. Trials were checked for
consistency and averaged.
Center of Pressure Jerk
Subjects were instructed to stand on one leg and hop as far as they could, landing
on a Bertec force plate (Bertec, Columbus, OH), and balancing for 5 seconds on the same
leg. Subjects chose which limb was tested first. All subjects performed three successful
forward hops and three successful backward hops for distance. Subjects balanced for 5
seconds without moving the placement of the foot in order for a trial to be considered
successful. If subjects could not balance for 5 seconds, the trial was repeated. Force data
were collected at 1200 Hz and were filtered at 10 Hz with a 4th order low pass
Butterworth filter. Trials were cut so that they started at initial contact, when the vertical
force exceeded 10 N, and continued for 3 seconds. The center of pressure force was
exported from the trial and the area under the curve was calculated using a derivative of
the position coordinates over time. The third derivative of the position was calculated as
the center of pressure jerk, measured in m/sec3.
Statistics
The a priori alpha level was set at p<0.05. There were no differences between the
healthy control limbs, so the left leg was used for the statistical analysis. A one-way
ANOVA evaluated the differences among injured and non-injured limb of the ACLR
cohort and the left limb of the healthy controls in the dependent variable, center of
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pressure jerk. Pearson correlation coefficients16 assessed the roles that elements of
postural control had on center of pressure jerk (steadiness and rate of torque development
of the knee extensors, time to stabilization, and long latency of the vastus lateralis and
biceps femoris) for each limb of the ACLR cohort. All statistical analyses were
conducted using IBM SPSS Statistics version 26.0 (IBM, Corp., Armonk, NY, USA).
Results
Thirty-eight subjects after ACLR (16M/22F, 34 patellar tendon grafts/4 hamstring
grafts) and 41 healthy controls (21M/20F) performed all of the tests and all data were
used for analyses. There were no differences between the cohorts’ height, weight, age, or
Tegner activity score (Table 16). Sex was explored as an independent variable, but since
there were no differences between males and females for any of the dependent measures,
it was not used in the final model. There were significant differences between each of the
ACLR limbs and the healthy limb in COP Jerk (Table 17). Bonferroni post hoc testing
indicated the injured limb had a significantly higher jerk measurement in the forward
direction (p=0.011) and the uninjured limb had a significant higher jerk in the backward
direction (p=0.020) compared to the healthy cohort (Table 18). There were no differences
between the ACLR injured and uninjured limbs (p=1.000). The ACL injured and
uninjured limbs displayed poor correlation (|r|<0.3, p>0.05) with COP jerk and
submaximal rate of torque development, submaximal steadiness, and biceps femoris long
latency response in both the forward and backward directions (Table 19).
In the forward direction COP jerk had fair correlations (r=0.30 to 0.50) on the
injured and uninjured side (Table 19). On the ACLR injured limb, there were fair
correlations with COP jerk and anterior-posterior time to stabilization (r=0.325,

117

p=0.028), and resultant vector time to stabilization (r=0.335, p=0.024). On the uninjured
side, there were fair correlations with COP jerk and anterior-posterior time to
stabilization (r=0.384, p=0.009), medial-lateral time to stabilization (r=0.424, p=0.004),
and resultant vector time to stabilization (r=0.393, p=0.007).
In the backward direction, there were fair correlations only on the injured side
(Table 19). There was a fair correlation between the injured COP jerk and vastus lateralis
long latency response (r=-0.373, p=0.014). Additionally, there were fair correlations in
COP jerk and anterior-posterior time to stabilization (r=0.377, p=0.013), medial-lateral
time to stabilization (r=0.484, p=0.002), and resultant vector time to stabilization
(r=0.381, p=0.012).
Discussion
This study was an investigation of how elements of postural control, including
local torque steadiness, muscular postural responses, and time to stabilization relate to
balance (center of pressure jerk). We found a difference in COP jerk between the healthy
control and ACLR cohorts, with greater smoothness in stability (lower COP jerk) in the
healthy cohort. Center of pressure jerk had fair correlations with the vastus lateralis long
latency response and time to stabilization (Table 19).
Torque steadiness, torque rate of torque development, and the long latency
response were methods to evaluate the impact of local regulation on postural control.
Interestingly, none of these showed moderate or strong correlations to postural control.
Only the vastus lateralis long latency response on the injured side (and only in the
backward direction) displayed a fair correlation with center of pressure jerk. This finding
reinforces the idea that impairments localized to the knee are related to knee positioning
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during tasks and not overall posture136. Impairments of the knee are often compensated
for34, 148 and so not evident in whole-body movements such as those quantified by the
force plate59, 128. Therefore, it appears steadiness, rate of torque development, and the
long latency response may not be related to postural control and balance 6-months after
ACLR.
Time to stabilization was only fairly correlated with the center of pressure jerk
measurements, indicating that time to stabilization and center of pressure jerk are not
quantifying the same elements of postural control. Considering that the methods of how
these two evaluations differ in quantifying control upon landing a hop, it is not surprising
that only fair correlations were observed. Time to stabilization utilizes the sway when a
person is balanced to determine when stabilization has been reached34, 148. Jerk is
measured by evaluating the smoothness of the center of pressure force positioning during
the first 3 seconds upon landing31. Therefore, there were only about 1.5 seconds of
overlap between the two measurements.
Most importantly, there was a difference in center of pressure jerk between the
ACLR cohort and the healthy cohort. This means that yet another element of postural
control differs between the ACLR and controls, and postural control and balance are not
restored 6-months after ACLR. Since steadiness (chapter 2) and time to stabilization
(chapter 3) also are not normalized at this time, postural control should continue to be
addressed, transitioning from visual input with a simple task to distractions with random
reactive tasks.
Additionally, an important aspect of this finding is that tests should be specific to
the elements they are measuring. While submaximal control and long latency responses
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were not associated with postural control and balance, they are still important elements of
quantifying movement. Submaximal control has been associated with hip and knee
biomechanical impairments66, 81 and long latency responses have been associated with fall
risks146. Perhaps evaluating a moving task such as walking or running might result in
greater associations between these measures that were not observed in the task of
stopping momentum and regaining balance.
Limitations of this study include that hop testing was used to quantify time to
stabilization and the center of pressure jerk. Hop testing for distance was used, as it is the
most common assessment after ACLR82. However, since the hop test does not highly
correlate with injury risks, additional research is needed to determine which single-leg
tasks and measurements are best for predicting injury risks before individuals return to
activity after ACLR. Furthermore, to ensure safety, subjects had their eyes open for all
tasks. It is possible that having subjects close their eyes or wear glasses that altered visual
input may better identify impairments of postural control and balance45, 99.
Conclusion
In conclusion, specificity of testing and training are needed throughout ACLR.
Time to stabilization correlates with center of pressure jerk, which are both force plate
evaluations of postural control. Since the associations between postural control and
balance are not strong, perhaps each element of postural control and balance is an
independent contributor to the risk of future injury. Therefore, a battery of tests is
required to evaluate postural control throughout ACLR recovery. A combination of best
measurements to improve return to sport performance and limit reinjury are needed for
the evaluation of maximizing outcomes after ACLR.
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Table 16 There were no differences between groups in age, height, mass or Tegner
Activity Level.
ACL

Healthy

Number of Subjects

38 (16M/22F)

41 (21M/20F)

Age

19±6 years old

20±6 years old

Height

1.7±0.1 meters

1.7±0.1 meters

Mass

68.6±13.7 kg

65.5±12.4 kg

Tegner

8.08±1.24

7.80±1.17
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Table 17 Average and standard deviations of the center of pressure jerk (COP Jerk) for
the injured limb (ACL-Inj) and uninjured limb (ACL-Non) of the ACL cohort and the left
healthy limb (Healthy).
ACL-Inj

ACL-Non

Healthy

ANOVA

Forward COP Jerk

196.1±92.6

182.3±77.0

140.0±81.4

0.010

Backward COP Jerk

149.4±81.8

159.9±97.9

111.7±45.1

0.017
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Table 18 In the forward direction, the injured limb has a higher center of pressure
(COP) jerk than the healthy limb and in the backward direction, the uninjured limb is
higher. There is a moderate effect size difference of each ACLR limbs and the healthy
limb which are bolded and italicized.
ACL-Inj :
ACL-Non

ACL-Inj :
Healthy

ACL-Non :
Healthy

Forward COP Jerk (effect sizes)

0.16

0.62 †

0.52 †

Forward COP Jerk (post hoc tests)

1.00

0.01

0.08

Backward COP Jerk (effect sizes)

0.12

0.56 †

0.61 †

Backward COP Jerk (post hoc tests)

1.00

0.09

0.02

# An effect size of 0.2 to 0.49 is considered small.
† An effect size of 0.5 to 0.79 is considered medium/moderate.
* An effect size of greater than or equal to 0.8 is considered large.
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Table 19 Pearson Correlation Coefficients (correlation) and significance (p-value) for
the submaximal (Submax) rate of torque development (RTD), coefficient of variance
(COV), anterior-posterior (AP), medial-lateral (ML) and resultant vector (RV) time to
stabilization (TTS) and the long latency response (LLR) for the vastus lateralis (VL) and
biceps femoris (BF) for the injured limb (ACL-Inj) and uninjured limb (ACL-Non) which
are bolded and italicized.
Forward COP Jerk

Backward COP Jerk

ACL-Inj

ACL-Non

ACL-Inj

ACL-Non

Submax RTD (correlation)

0.057

0.117

-0.258

0.015

Submax RTD (p-value)

0.372

0.243

0.067

0.464

Submax COV (correlation)

0.189

-0.166

0.011

0.027

Submax COV (p-value)

0.138

0.159

0.475

0.435

AP TTS (correlation)

0.325 †

0.384 †

0.377 †

0.111

AP TTS (p-value)

0.028

0.009

0.013

0.253

ML TTS (correlation)

0.243

0.424 †

0.484 †

0.296

ML TTS (p-value)

0.080

0.004

0.002

0.035

RV TTS (correlation)

0.335 †

0.393 †

0.381 †

0.113

RV TTS (p-value)

0.024

0.007

0.012

0.250

VL LLR (correlation)

-0.004

0.085

-0.373 †

0.085

VL LLR (p-value)

0.491

0.307

0.014

0.306

BF LLR (correlation)

-0.271

-0.120

-0.150

-0.222

BF LLR (p-value)

0.058

0.237

0.195

0.090

# A Pearson Correlation coefficient between 0 and ±0.29 is considered poor.
† A Pearson Correlation coefficient between ±0.30 and ±0.59 is considered fair.
* A Pearson Correlation coefficient between ±0.60 and ±0.79 is considered moderate.
! A Pearson Correlation coefficient equal or greater than ±0.80 is considered strong.
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CHAPTER 6:
Summary & Future Direction
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Summary & Future Direction
Purpose, Aims, and Hypotheses
The purpose of this dissertation was to evaluate and quantify anticipatory and
reactive feedback loops and their influence on postural control and balance after anterior
cruciate ligament reconstruction (ACLR). Feedback loops that were evaluated included
the control of knee extensor torque during maximal and submaximal force testing, the
center of pressure stabilization during hopping, and muscular response after a
perturbation. These were each investigated independently and then evaluated for their
influence on individuals’ balance upon landing a hop after ACLR. These studies were
designed to address the following aims and hypotheses:
1. Aim 1: Assess the differences in knee extension control during maximal and
submaximal open kinetic chain quadriceps force steadiness and rate of torque
development between individuals with an ACL reconstruction and healthy
control subjects.
Hypothesis: Maximal and submaximal testing of the involved limb
will be worse than a healthy control cohort or the uninjured limb.
2. Aim 2: Quantify the differences in dynamic stability using time to
stabilization during a forward and backward hop in individuals after an ACL
reconstruction compared to healthy control subjects.
Hypothesis 1: Individuals after ACLR will not hop as far on their
injured side as their uninjured side. Neither side will hop as far as the
healthy cohort limb.
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Hypothesis 2: AP, ML, and RV TTS will be increased in forward and
backward hopping on the injured limb compared to the uninjured limb
of the ACLR cohort as well as the control group limb.
3. Aim 3: Evaluate the differences in the long latency responses of the vastus
lateralis and biceps femoris during an unanticipated perturbation in
individuals after an ACL reconstruction compared to healthy control subjects.
Hypothesis: Subjects after ACLR will demonstrate a slower (longer)
long latency response of the vastus lateralis and biceps femoris on the
involved side after ACLR following a perturbation, and both limbs of
the ACLR subjects will have a slower (longer) long latency response
than healthy control subjects.
4. Aim 4: Determine how force steadiness, time to stabilization, and the long
latency response contribute to center of pressure stability during a single-leg
hop after an ACL reconstruction.
Hypothesis: Submaximal stability, submaximal rate of torque
development, time to stabilization, and the long latency response of
both the vastus lateralis and biceps femoris will correlate moderately
with center of pressure jerk in individuals after ACLR.
Summary of Findings
The summary of the findings from each aim are presented below.
1. Aim 1: Assess the differences in knee extension control during maximal and
submaximal open kinetic chain quadriceps force steadiness and rate of torque
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development between individuals with an ACL reconstruction and healthy
control subjects.
Findings: Maximal and submaximal stability impairments are found
only in the involved limb of ACLR subjects, indicating that at 6months after ACLR, strengthening and local control of the quadriceps
should continue to focus on the injured limb. Evaluations of strength
and control should compare the injured limb to the uninjured limb as
well as to published findings of healthy controls, since there are
inconsistencies in the strength of the uninjured limb compared to a
healthy population.
2. Aim 2: Quantify the differences in dynamic stability using time to
stabilization during a forward and backward hop in individuals after an ACL
reconstruction compared to healthy control subjects.
Findings: Dynamic stability is impaired bilaterally 6 months after
ACLR, suggesting that additional dynamic training should be
implemented in rehabilitation protocols before returning to full activity
after ACLR.
3. Aim 3: Evaluate the differences in the long latency responses of the vastus
lateralis and biceps femoris during an unanticipated perturbation in
individuals after an ACL reconstruction compared to healthy control subjects.
Findings: Approximately half of the individuals in the three groups
(the ACLR injured limb, ACLR uninjured limb, and healthy controls)
did not demonstrate the commonly reported temporal relationship of
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the musculature during the push-and-release test. For the 52% of the
subjects who did react with the expected temporal relationship, there
was no significant difference among the ACLR injured limbs, the
ACLR uninjured limbs, and healthy control limbs, indicating the long
latency response may have normalized 6 months after ACLR.
4. Aim 4: Determine how force steadiness, time to stabilization, and the long
latency response contribute to center of pressure stability during a single-leg
hop after an ACL reconstruction, to progress the field in identifying postural
control deficits after ACL reconstruction.
Findings: Center of pressure jerk is impaired after ACLR and fairly
related to other evaluations of postural control. However, instead of a
single test, a battery of tests after ACLR should be used to better
predict increased safety in returning to activity and decreased rates of
reinjury post ACLR. The battery of tests should include center of
pressure and stability measures, as well as strength and local control of
the knee extensors.
Synthesis of Results, Limitations, & Implications for Future Research
The findings from this dissertation can aid future researchers based on each of the
studies.
1. Aim 1: The rate of torque development as well as peak torque were lower for
the involved limb and higher for the uninvolved limb when compared to a
healthy cohort. There were no significant differences in the coefficient of
variance at maximal or submaximal levels. Despite visual feedback and
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practice, individuals after ACLR have difficulty quickly and accurately
achieving a goal, either at a maximal or submaximal effort. However, once
they reach the target, they are able to stabilize the torque similar to their
healthy counterparts. Only one limb was used as a comparison limb, so future
investigations should include both healthy limbs to quantify potential limb
asymmetries in a healthy cohort. Future investigations should determine if
these findings relate to knee biomechanics during submaximal tasks, such as
walking or stair navigation. Additionally, not allowing practice or limiting the
visual feedback may be a more valid evaluation of control.
2. Aim 2: Only the medial-lateral time to stabilization of the uninvolved limb
was higher than the control group in the forward direction, while both ACLR
limbs displayed higher anterior-posterior, medial-lateral, and resultant-vector
time to stabilization as compared to the healthy cohort. There were no
differences in hop distances. Only one limb was used as a comparison limb, so
future investigations should include both healthy limbs to quantify potential
limb asymmetries in a healthy cohort. Future investigations should track if
these impairments improve with interventions and if they predict future risk of
injury. Additionally, perhaps multi-directional training and testing are
required as a battery of return-to-activity assessments after ACLR.
3. Aim 3: There were no differences in the long latency responses between
limbs, nor when comparing the ACLR cohort to the healthy controls.
However, the temporal relationship of the musculature did not match previous
literature in approximately half of the subjects, with no differences among the
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ACLR limbs and the healthy limb. Since athletes are trained to anticipate
changes to their balance equilibrium, testing the long latency response may
yield more reliable results if the subjects are pushed in an unknown direction,
distracted during the perturbation, or given a movement task that requires an
unanticipated step. Only one limb was used as a comparison limb, so future
investigations should include both healthy limbs to quantify potential limb
asymmetries in a healthy cohort.
4. Aim 4: While center of pressure jerk is higher in the ACLR limbs than the
healthy control limb, only the time to stabilization findings were fairly
correlated to center of pressure jerk. Potentially, this is due to both variables
measuring control through a similar methodology, using a force plate. Since
impairments at the knee were not associated with center of pressure jerk, a
battery of tests including local control and center of pressure control may
better identify who is ready to progress in sport-specific movements. Future
investigations should test if athletes who have better control achieve return to
sporting criterion earlier and if they have lower rates of future injuries.
Conclusion
This dissertation evaluated postural control and balance after ACLR by
comparing anticipatory and reactive feedback loops thought to normalize before the sixth
month after ACLR. Previous research indicates that movements at the knee and hip are
altered after an ACLR when compared to healthy controls 80, 156. Recent literature has
indicated that there may be neurological (cortical) elements that predispose an individual
to an initial ACLR and additional future ACL injuries 45, 99. The findings of this
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dissertation indicate that there is continued difficulty controlling dynamic movements six
months after ACLR. These postural control impairments are found both locally at the
knee as well as while controlling center of pressure. Impairments were found bilaterally
when comparing the ACLR cohort to a healthy cohort, with greatest impairments found
in the injured limb. This was identified by measuring rate of torque development and
time to stabilization. The difficulties after ACLR are less pronounced in maintaining a
static position or reacting from an anticipated task, such as submaximal steadiness and
the long latency response following a loss of balance.
The findings from our studies contributed to the literature by demonstrating that
feedback loops requiring accuracy and speed in acquiring a target, such as knee extensor
rate of torque development and dynamic balance upon landing a hop, are impaired
bilaterally with greatest impairments found in the involved limb. Without dynamic
proprioception and control, compensations to limit movement may decrease the degrees
of freedom of the limb 9. Decreasing degrees of freedom, attempting to anticipate
movements, and maintaining an already achieved position may allow individuals after
ACLR to accomplish a movement or task, but the remaining impairments in dynamic
control could predispose the individual to a future injury.
The ability to correctly maintain position or maintain balance, measured in
submaximal coefficient of variance and the long latency response, do not appear to be
impaired six months after an ACLR. This could be due to individuals learning how to
restrict or brace a motion and to use spinal and subcortical feedback loops to protect the
limb9. Since accuracy and speed to achieve a target require greater cortical involvement
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than maintaining an already acquired position, perhaps the lower response loops
normalize before movements that require cortical feedback.
Future research should consider using tests such as the rate of torque
development, time to stabilization, long latency response, and the center of pressure jerk
to track how individuals progress in rehabilitation of postural control after ACLR. Based
on the findings of this dissertation in combination with other research, the H-reflex seems
to normalize around the fourth month48, 56, 123, and the long latency response appears to
normalize around the fifth month26 after ACLR. Our findings suggest that submaximal
stability normalizes around the sixth month after ACLR, while maximal strength and rate
of torque development impairments persists the first year68. Time to stabilization and
center of pressure balance did not normalize in our population of ACLR and it may be
that rehabilitation techniques must specifically address these movements in order to
effect change. Before individuals return to activity, full strength, speed and accuracy of
obtaining a target, and balance should be equal bilaterally and at levels comparable to
healthy subjects.

Copyright © Kathryn Caroline Hickey Lucas 2020
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Appendix A: RoBANS Assessment of Risk
Selection
of
Participants

Confounding
Variables

Intervention/
Measurement

Outcome
Assessment

Incomplete
Outcome
Data

Selective
Outcome
Reporting

Akbari 2015

Low

Low

Low

High

Low

Low

Bodkin 2018

Low

Low

Low

High

Unclear

Low

Boggess 2018

Unclear

Low

Unclear

High

Unclear

Low

Cvjetkovic 2015

Unclear

High

Low

High

Unclear

High

Czamara 2015

Low

Low

Low

High

Unclear

Low

Czamara 2018

Low

Low

Low

High

Unclear

Low

Daulty 2010

Low

Low

Low

High

Unclear

Low

Furlanetto 2016

Unclear

High

Low

High

Unclear

Low

Hadizadeh 2016

Low

Low

Low

High

Unclear

Low

Kiefer 2013

Low

Low

Low

High

Unclear

Low

Labanca 2015

Low

Low

Low

High

Unclear

Low

Labanca 2018

Low

Low

Low

High

Low

Low

Laudani 2014

Low

Low

Low

High

Unclear

Low

Laudner 2015

Low

Low

Low

High

Unclear

Low

Lepley 2016

Low

Low

Low

High

Low

Low

Meyer 2018

Low

Low

Low

High

Low

Low

Mohammadi 2012

Low

Low

Low

High

Low

Low

Morgan 2016

Unclear

Unclear

Low

High

Unclear

Unclear

Mualdi 2009

High

High

Low

High

Unclear

Unclear

Noehren 2014

Low

Low

Low

High

Low

Low

O'Malley 2018

Low

Low

Low

High

Unclear

Low

Pahnabi 2014

Unclear

High

Low

High

Unclear

Unclear

Pairot de Fontenay 2014

Low

Low

Low

High

Unclear

Low

Paterno 2011

Low

Low

Low

High

Unclear

Low

Paterno 2013

Low

Low

Low

High

Unclear

Low

Shabani 2015

Unclear

Low

Low

High

Unclear

Low

Thomson 2018

Low

Low

Low

High

Unclear

Low

Tsivgoulis 2011

Low

Low

Low

High

Unclear

Low

Winiarski 2012

Low

Low

Unclear

High

Unclear

Low

Xergia 2013

Low

Low

Low

High

Unclear

Low

Author (Date)
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Appendix B: Downs and Black Assessment Tool

Q1 Is the
hypothesis/aim/object
ive of the study
clearly described?

Q2 Are
the main
outcomes
to be
measured
clearly
described
in the
introductio
n or
methods
section?

Q4 Are the
interventio
ns of
interest
clearly
described?

Q5 Are the
distributio
ns of
principal
confounde
rs in each
group of
patients to
be
compared
clearly
described?

Q6 Are
the main
findings
of the
study
clearly
described
?

Q7 Does
the study
provide
estimates
of the
random
variabilit
y in the
data for
the main
outcomes
?

Q3 Are the
characteristi
cs of the
patients
included in
the study
clearly
described?

Q8 Have
all
important
adverse
events that
may be a
consequen
ce of the
interventio
n been
reported?

Q9 Have the
characteristi
cs of
patients lost
to follow-up
been
described?

Akbari 2015

1

1

1

0

1

1

1

0

1

Bodkin 2018

1

1

1

0

1

1

1

0

0

Boggess 2018
Cvjetkovic 2015

1

1

1

1

0

0

1

1

1

0

0

0

0

0

0

0

0

0

Czamara 2015

1

1

0

1

1

1

1

0

0

Czamara 2018

1

1

1

1

1

1

1

0

0

Daulty 2010

1

1

1

0

1

1

1

0

0

Furlanetto 2016

1

1

0

0

1

0

0

1

1

Hadizadeh 2016

1

1

1

0

1

1

1

1

1

Kiefer 2013

1

1

1

1

1

1

1

1

1

Labanca 2015

1

1

1

1

1

1

1

1

1

Labanca 2018

1

1

1

0

1

1

1

1

1

Laudani 2014

1

1

1

1

1

1

1

1

1

Laudner 2015

1

1

1

0

1

1

1

1

1

Lepley 2016

1

1

1

0

1

1

1

0

1

Meyer 2018

1

1

1

0

1

1

1

0

1

Mohammadi 2012

1

1

1

0

0

1

1

0

1

Morgan 2016

1

1

0

0

0

1

1

0

0

Mualdi 2009

1

1

0

0

0

1

1

0

1

Noehren 2014

1

1

1

0

1

1

1

0

0

O'Malley 2018

1

1

1

0

1

1

1

0

0

Pahnabi 2014

1

1

0

0

0

1

1

0

0

Pairot de Fontenay
2014

1

1

1

0

1

1

1

0

0

Paterno 2011

1

1

1

0

1

1

1

0

0

Paterno 2013

1

1

1

0

1

1

1

0

0

Shabani 2015

1

1

1

0

1

0

1

0

0

Thomson 2018

1

1

1

0

1

1

1

0

0

Tsivgoulis 2011

1

1

1

0

1

1

1

0

0

Winiarski 2012

1

1

1

1

1

1

1

0

0

Xergia 2013

1

1

1

0

1

1

1

0

0

Author &
Year of Study
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Q10 Have
actual
probabilit
y values
been
reported
for the
main
outcomes,
except
where the
probabilit
y value is
<0.001?

Q11 Were
the subjects
asked to
participate in
the study
representativ
e of the
entire
population
from which
they were
recruited?

Q12 Were
those
subjects who
were
prepared to
participate
representativ
e of the
entire
population
from which
they were
recruited?

Q13 Were
the staff,
places, and
facilities
where the
patients were
treated
representativ
e of the
treatment the
majority of
patients
receive?

Q14 Was
an attempt
made to
blind study
subjects to
the
interventio
n they have
received?

Q15 Was an
attempt
made to
blind those
measuring
the main
outcomes of
the
intervention
?

Q16 If
any of the
results of
the study
were
based on
“data
dredging,
” was this
made
clear?

Q17 In
trials and
cohort
studies, do
the
analyses
adjust for
different
lengths of
follow-up
of patients,
or in casecontrol
studies, is
the time
period
between
the
interventio
n and
outcome
the same
for cases
and
controls?

Akbari 2015

1

0

0

1

0

0

1

0

1

Bodkin 2018

1

0

0

1

0

0

1

0

1

Boggess 2018

1

0

0

1

0

0

0

0

1

Cvjetkovic 2015

0

0

0

1

0

0

0

0

1

Czamara 2015

1

1

0

1

0

0

0

0

1

Czamara 2018

1

0

0

1

0

0

0

0

1

Daulty 2010

0

0

0

1

0

0

0

0

1

Furlanetto 2016

1

0

0

1

0

0

1

1

1

Hadizadeh 2016

1

0

0

1

0

0

1

0

1

Kiefer 2013

1

0

0

1

0

0

1

1

1

Labanca 2015

0

0

0

1

0

0

1

1

1

Labanca 2018

0

1

0

1

0

0

1

1

1

Laudani 2014

0

0

0

1

0

0

1

1

1

Laudner 2015

1

0

0

1

0

0

1

1

1

Lepley 2016

1

0

0

0

0

0

0

1

1

Meyer 2018

1

0

0

0

0

0

0

0

1

Mohammadi 2012

0

0

0

1

0

0

0

1

1

Morgan 2016

1

0

0

0

0

0

0

1

1

Mualdi 2009

0

0

0

1

0

0

0

1

1

Noehren 2014

1

0

0

1

0

0

0

0

1

O'Malley 2018

1

0

0

0

0

0

0

0

1

Pahnabi 2014

1

0

0

0

0

0

0

0

1

Pairot de Fontenay
2014

0

0

0

1

0

0

0

0

1

Paterno 2011

1

1

0

1

0

0

0

0

1

Paterno 2013

1

0

0

1

0

0

0

0

1

Shabani 2015

0

0

0

0

0

0

0

0

1

Thomson 2018

0

0

0

1

0

0

0

0

1

Tsivgoulis 2011

0

0

0

1

0

0

0

0

1

Winiarski 2012

0

0

0

1

0

0

0

0

1

Xergia 2013

0

0

0

1

0

0

0

0

1
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Q18 Were
the
statistical
tests used
to assess
the main
outcomes
appropriate
?

Q19 Was
compliance
with the
intervention(s
) reliable?

Q20
Were the
main
outcome
measure
s used
accurate
(valid
and
reliable)
?

Q21 Were
the patients
in different
interventio
n groups
(trials and
cohort
studies) or
were the
cases and
controls
(casecontrol
studies)
recruited
from the
same
population
?

Q22 Were
study
subjects in
different
interventio
n groups
(trials and
cohort
studies) or
were the
cases and
controls
(casecontrol
studies)
recruited
over the
same
period of
time?

Akbari 2015

0

1

1

Bodkin 2018

0

1

Boggess 2018

0

Cvjetkovic 2015

Q23 Were
study
subjects
randomize
d to
interventio
n groups?

Q24 Was
the
randomized
interventio
n
assignment
concealed
from both
patients
and
healthcare
staff until
recruitment
was
complete
and
irrevocable
?

Q25 Was
there
adequate
adjustment
for
confoundin
g in the
analyses
from which
the main
findings
were
drawn?

Q26
Were
losses
of
patients
to
followup taken
into
account
?

Tota
l

Percentag
e (X/26)

0

0

0

0

0

13

50%

1

0

0

0

1

0

13

50%

1

0

0

0

0

0

0

9

35%

0

1

0

0

0

0

0

0

5

19%

Czamara 2015

0

1

0

0

0

0

0

0

11

42%

Czamara 2018

1

1

0

0

0

0

0

0

12

46%

Daulty 2010

1

1

1

0

0

0

0

0

11

42%

Furlanetto 2016

0

1

0

0

0

0

0

1

12

46%

Hadizadeh 2016

1

1

0

0

0

0

1

1

16

62%

Kiefer 2013

1

1

1

0

0

0

1

1

19

73%

Labanca 2015

1

1

0

0

0

0

1

1

17

65%

Labanca 2018

1

1

0

0

0

0

1

1

17

65%

Laudani 2014

1

1

0

1

0

0

1

1

18

69%

Laudner 2015

1

1

0

0

0

0

1

1

17

65%

Lepley 2016

0

1

0

0

0

0

0

1

12

46%

Meyer 2018

1

1

0

0

0

0

0

0

11

42%

Mohammadi 2012

0

1

0

0

0

0

0

0

10

38%

Morgan 2016

0

1

0

0

0

0

0

0

8

31%

Mualdi 2009

0

1

0

0

0

0

0

1

10

38%

Noehren 2014

0

1

0

0

0

0

1

0

11

42%

O'Malley 2018

0

1

0

0

0

0

0

0

9

35%

Pahnabi 2014

0

1

0

0

0

0

0

0

7

27%

Pairot de Fontenay
2014

0

1

1

0

0

0

0

0

10

38%

Paterno 2011

0

1

0

0

0

0

0

0

11

42%

Paterno 2013

0

1

0

0

0

0

0

0

10

38%

Shabani 2015

0

1

0

0

0

0

0

0

7

27%

Thomson 2018

0

1

1

0

0

0

0

0

10

38%

Tsivgoulis 2011

0

1

0

0

0

0

0

0

9

35%

Winiarski 2012

0

1

0

0

0

0

0

0

10

38%

Xergia 2013

0

1

1

0

0

0

0

0

10

38%

Author &
Year
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